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MOUNTAIN TOPS 


In Arizona, the telephone company faced a problem. How 
could it supply more telephone service between Phoenix 
and Flagstaff—through 135 miles of difficult mountain 
territory? 

Radio offered the economical answer: a new micro- 
wave radio-relay system recently created at Bell Tele- 
phone Laboratories. Operating at 11,000 megacycles, it 
was just right for the distance, and the number of con- 
versations that had to be carried. 


But first other problems had to be solved: how to 
house the complex electronic equipment; how to assemble 
and test it at hard-to-reach relay stations way up in the 
mountains; and how to do it economically. 


On-the-spot telephone company engineers had some 
ideas. They worked them out with engineers at the 
American Telephone and Telegraph Company and at 
Bell Telephone Laboratories. The result: a packaged unit. 


The electronic equipment was assembled in trailer- 
like containers at convenient locations and thoroughly 
checked out. The complete units were then trucked up 
the mountains and lifted into position. 


The system, now operating, keeps a watch on itself. 
When equipment falters, a relay station switches in stand- 
by equipment, then calls for help over its own beam. 

The new Phoenix-Flagstaff link illustrates again how 


Bell System engineers work together to improve tele- 
phone service. Back of their efforts is the constant de- 


velopment of new communications systems at Bell 
Telephone Laboratories. 


| “PA 
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’ BELL TELEPHONE LABORATORIES World center of communications research and development 
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RAC 
Minute instruments in the nose cones of American 
space explorers record vital phenomena beyond the pull 
of earth’s gravity. The phenomena: the unknowns of 
outer space including bands of radiation, cosmic rays, 
temperatures, etc. The data recorders: complex elec- 
tronic devices packed with transistors, diodes, rectifiers 


and other subminiature signal transmitters. 
It wasn’t possible ten years ago. It wouldn’t be 
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absolutely 
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SILICON 


(ultra-high-purity) 


possible today if it weren’t for ultra-high-purity 
silicon. Purity such as is produced by the Pechiney 
process used in the manufacture of Grace Silicon. 

May we suggest that wherever silicon of top quality 
is required—for semiconductor devices in research, 
military, industrial and entertainment uses—call or 
write Grace ELectronic CHEMICALS, INc., PL 2-7699, 
101 N. Charles Street in Baltimore. 


GRACE ELECTRONIC CHEMICALS, INC. 


101 N. Charlies St., Baltimore, Maryland 


Subsidiary of W. R. Grace & Co. 
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The Numbers Get Larger 


As every member knows by this time, the Spring Meeting in Philadel- 
phia was the largest in the history of our Society. The registration of about 1500 
compares with the previous high of 1150 at the Washington Meeting in May 1957. 
Facilities were adequate, and the Philadelphia Committee is to be congratulated on 
its smooth management of the convention. 


The number of technical papers presented was also an all-time high. The sym- 
posia conducted by the Electric Insulation and Theoretical Divisions were especially 
well attended, and the shorter symposia and general sessions of the other Divisions 
attracted good audiences, too. The absence of a number of speakers and especially 
of several invited guests from abroad posed a problem, but Divisional officers and ses- 
sion chairmen were prepared to fill in the gaps. 


As usual, the nonmember attendance was a large per cent of the total, and many 
new applications for membership were turned in. Society membership is at an all- 
time high of more than 3000, and will no doubt continue to increase rapidly. 

The larger numbers involved in every phase of Society activity bring some larg- 
er problems, too. As an example, it may soon be necessary to hold meetings in two 
hotels simultaneously, unless the convention locations are limited to only a few 
cities where adequate facilities are available. 


The larger number of invited symposium papers given presents a publication 
problem. The symposia are to a considerable extent so successful because these pap- 
ers are not limited to new research; together, they provide broad coverage in some 
area of investigation, and, individually, they present the considered views of ex- 
perts with regard to the current status of development in particular fields. For this 
reason, there is an increasing demand to publish the symposium proceedings in 
monograph or other special form. Such publication requires careful planning and a 
great deal of work in assembling and editing the manuscripts; fortunately, we have 
enthusiastic and tireless members who give unstintingly of their time and energy. 
Financially, these publications are probably sound as an average and over a sufficient 
period of time, but the Society soon will have to give careful consideration to con- 
sistent methods of handling the initial financing. 


The JouRNAL, too, has its publication problems. Its Technical Section publishes 
new research, and a limited number of reviews and technical features. Each issue 
now contains about 20 technical articles, compared to 10 only a few years ago. Pros- 
perity of the Society has allowed the JourNaL budget to keep pace, and we think 
soon it will not be necessary to let accepted manuscripts accumulate because of 
printing costs. A really large increase in the number of manuscripts received might 
tax the facilities of the reviewing and editing staff, but we believe such difficulties 
could be overcome quickly. 
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Electronics progress through 
chemistry and metallurgy 


New look in Crystals... 


Sylvania develops a new optical instrument for easy, accurate 
alignment of single-crystal germanium and silicon 


Semiconductor manufacturers and 
research laboratories can now orient 
monocrystalline germanium and sili- 
con quickly and easily without the 
use of X ray, microscope or other 
methods requiring skilled operators 
or extensive processing. 


Sylvania has developed a versatile 
new Crystal Orientation Instrument 
that is especially adaptable to the 
preparation of germanium and silicon 
single-crystal slabs for dicing, to seed 
crystal preparation, and many 
other uses. The device reveals the 
symmetry and orientation ofacrystal 


¥SYLVAN IA 


Subsidiary of 


through the light pattern it reflects 
from the facets in the etched surface 
of the crystal. 

Here are some of the advantages 
of the Sylvania Crystal Orientation 
Instrument: 

SPEED—Cutting, preparation, etching and 


evaluation of a crystal in as little as 15 
minutes. 


SIMPLICITY— Clean design allows easy opera- 
tion by unskilled personnel. 


ACCURACY—to + 12 minutes of arc. 


ECONOMY— Lower initial and operational 
costs than X ray and other techniques. 


SAFETY — Non-hazardous operation—no 
radiation risk. 


GENERAL TELEPHONE & euectnontcs 


VERSATILITY—Can be used on any mono- 
crystalline material in which etch pits 
can be produced 


FLEXIBILITY—Top mount can be rotated-or 
removed. It can be set up on duplicate 
base units in other locations. 


The Sylvania Crystal Orientation 
Instrument is available as a complete 
assembly or in individual parts. For 
complete particulars on this newest 
aid to the semiconductor industry 
from the Chemical & Metallurgical 
Division, contact your Sylvania rep- 
resentative or write the division 
directly in Towanda, Pa. 


Sylvania Electric Products Inc. 


Chemical & Metallurgical Div. 


Towanda, Penna. 
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Operator making a routine quality control test of type and resistivity on silicon characterization crystal. 


Round-the-clock operations at new Du Pont plant 


Du Pont’s new Brevard, N. C., Hyrerpure Silicon 
plant—with a 70,000 lbs./yr. capacity —is now oper- 
ating at high production rate to assure you of a prompt 
supply of high-purity silicon in the form, grade and 
quantity you need. Du Pont is uniquely qualified to 
serve you because of its experience as pioneer pro- 
ducer of semiconductor grades of silicon. This experi- 
ence includes installing the first full-scale commercial 
silicon plant in the world and frequent expansion of 
productive facilities since then. 

Single crystals of Du Pont Hyrerpure Silicon are 
now available in a wide range of resistivities, thanks 
to Du Pont’s new research and manufacturing tech- 
niques. Each has a specially prepared “spec. sheet.” 
Here’s more news: Du Pont recently completed a 
$3,000,000 Technical Service Laboratory specifically 
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assure you of ample supplies of Hyperpure Silicon 


designed, equipped and staffed to handle customer 
problems. Here, highly trained Du Pont Technical 
Specialists are available to discuss any difficulties in 
erystal growing or manufacture you may encounter. 

Du Pont Hyperpure Silicon is also available in den- 
sified cut rods ...and rods specially designed for float- 
zone refining in Grades 1, 2 and 3, with carefully con- 
trolled purity levels. As an additional service, Du Pont 
offers doping material at no additional cost. 


Free booklet is available upon request. It de- 
scribes the manufacture, properties and uses 
of Hyperpure Silicon. E. 1. du Pont de Ne- 
mours & Co. (Inc.), Pigments Dept., Silicon 
Development Group, Wilmington 98, Delaware. 
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BETTER THINGS FOR BETTER LIVING 
- THROUGH CHEMISTRY 


< 
| 
SILICON 


A New Experimental Technique for the Study of 
Films Produced at Electrochemical Interfaces 


B. D. Cahan and P. Riietschi 


Research Center, The Electric Storage Battery Company, Yardley, Pennsylvania 


ABSTRACT 


A new experimental technique for the study of the corrosion films at elec- 
trochemical interfaces has been developed. It consists of applying a square 
wave current superimposed on a constant d-c current. The a-c current charges 
and discharges the double layer capacity at a high frequency. From the volt- 
age transients produced by this current, as observed with an oscilloscope, the 
nature of the electrode interface can be studied. The instrumentation is de- 
scribed in detail, and experimental results for corrosion films on lead are pre- 
sented. Capacities were measured with a precision of better than 3% and volt- 
ages to 1 mv during transients lasting only a few seconds. 


The formation or precipitation of films at electro- 
chemical interfaces occurs in many systems. A good 
example is found in the behavior of lead in sulfuric 
acid. During constant current anodization a film of 
lead sulfate is built up. If the current exceeds a 
critical value, the electrode passivates and the 
potential rises quickly to very high values and 
arrives finally at a steady-state oxygen overvoltage 
value. The characteristics of electrochemical inter- 
faces have been studied in the past by a variety of 
different techniques. These characteristics include 
the electrode potential, electrode double layer 
capacity, and ohmic resistance. 

The oldest technique, used in electrochemical 
investigations is the measurement of the steady- 
state voltage-current relation (1, 2). This procedure 
naturally ignores any initial transients. Initial 
transients have been studied by the application of a 
single current step function (3). In this manner 
ohmic resistance and electrode capacity can be 
determined. However, this procedure permits the 
determination of only one value in a particular state 
requiring many measurements for the study of one 
transient phenomenon. This applies also to experi- 
ments based on a constant voltage step function 
(4, 5). 

On the other hand, a-c techniques allow contin- 
uous measurements during a transient (6-8). The 
use of an a-c bridge permits precise, but not 
necessarily accurate, determinations of electrode 
capacities and resistances. This technique involves 
the superposition of a small sine wave on the 
polarizing d.c. The bridge is balanced by using an 
equivalent RC network. Capacities and resistances 
are generally found to be frequency dependent and 
nonlinear. The balancing operation takes a certain 
amount of time, and it is difficult to obtain measure- 
ments in the short times involved in some transient 
phenomena. 

A very useful technique is the application of a 
current interrupter (9-12). The polarizing d.c. is 
interrupted periodically for very short periods of 
time and the potential decay is followed with an 


oscilloscope. The ohmic drop, due to R, in series 
with R.C network of the electrode interface, 


is separated out and easily determined by this 
technique. For this reason, the interrupter is useful 
in overvoltage measurements at high current den- 
sities. If the electrode interface is represented 
rigorously by the network shown above where R, 
and C are assumed linear, then a plot of the loga- 
rithm of the electrode potential vs. time would be 
a straight line. Experimentally, this is not always 
the case. Moreover, only the product R.C can be 
evaluated from this plot. A complicating factor is 
that, if faradaic currents and strongly adsorbed 
species are involved, the potential decay becomes 
logarithmic with time. This is due to the fact that 
the discharge current of the capacitor C is then an 
exponential function of potential (13). 

At high frequencies the reactance of the double 
layer capacity C is much smaller than the parallel 
resistor R. and the latter can be neglected. In the 
present investigation, an a-c coupled square wave 
current is superimposed on the polarizing d.c. The 
double layer capacity is charged and discharged by 
the square wave current. The initial portion of the 
square wave represents high-frequency harmonics 
of the base frequency, and the initial slope of the 
voltage-time trace gives then a direct measure for 
the effective double layer capacity, since one meas- 
ures effectively the charge and discharge of the 
capacitor at constant current. 


Experimental Technique 
Figure 1 shows the electrolytic cell used in our 
investigation. The body of the cell is constructed 
from two sections of a 1'%-in. glass pipe. Two 
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Fig. |. Electrolytic cell 


platinum gauze electrodes, imbedded at the edges 
in Kel F, are gasketed with Teflon between the two 
sections of the cell. Kel F coated platinum wires are 
used as current connectors. Inlets for gas bubbling 
and electrolyte are provided with ball joints. The 
electrode sample to be investigated is pressed with 
a clamp against an opening in the bottom of the cell 
and gasketed with a thin Teflon washer. The bottom 
of the cell is ground flat and a Luggin capillary to 
the reference electrode intersects the wall in the 
immediate vicinity of the electrode surface. In this 
manner ohmic drops are minimized. The electrode 
area exposed to the electrolyte is 1 cm’. The nar- 
rowed section at the bottom of the cell provides a 
uniform current density. The samples investigated 
were of pure lead and were microtomed at the ex- 
posed surface as described in previous publications 
(14). 

Figure 2 shows a block diagram of the instru- 
mentation used. The electrolytic cell is shown at A 
with the sample B pressed against the bottom of the 
cell. A constant d-c current is applied between the 
sample and the upper platinum electrode C by the 
constant current supply D. An a-c square wave 
current is applied between the sample and the 
lower platinum electrode E. The constant voltage 
output of the square wave generator F is converted 
to constant current by a noninductive resistor G. 
The electrode potential is measured against a refer- 
ence electrode H which was in our particular case 
Hg/Hg.SO, in the same solution. The d-c component 
of the electrode potential is measured through a 
9m: scope probe J with an electrometer amplifier 
K. This electrometer amplifier drives a high-speed 
recorder L. A bias box M is used to adjust the zero 
level of the d-c voltage. The a-c component of the 
electrode potential is measured through two 4m 
scope probes N with a high-gain, wide-band dif- 


L 


= 4 


Fig. 2. Block diagram of electronic circuit: A, electrolytic 
cell; B, sample; C, upper platinum electrode; D, constant cur- 
rent supply; E, lower platinum electrode; F, square wave gen- 
erator; G, noninductive resistor; H, reference electrode; J, 
9m scope probe; K, electrometer; L, high speed recorder; 
M, bias box; N, 4m scope probes; P, oscilloscope; Q, 
camera; R, relay. 


ferential input oscilloscope P, which is synchronized 
externally with the square wave generator F. A 
robot camera Q is mounted on the oscilloscope. A 
side marker pen on the recorder L is synchronized 
to the camera by an electronic relay R, triggered by 
the flash contacts of the camera. 

The use of 4 square wave signal has, as pointed 
out before, the advantage that the capacities can be 
measured accurately, independent of frequency. 

It is necessary to avoid carefully any ground 
loops in the circuit. Any portion of the circuit where 
currents or voltages may pass through two separate 
paths in parallel, in particular paths through 
ground, must be eliminated; otherwise spurious 
a-c voltages may be generated by inductive or 
capacitive pick up. All connecting wires in the 
circuit must be shielded to eliminate hum and noise. 
The shields of the coaxial cables used can be 
grounded only at one point. For the input of the 
electrometer amplifier, amphenol noise-free cables 
were used. This eliminates spurious noises due to 
flexing of the cables. 

All coaxial cables have a natural resonant fre- 
quency and if a square wave is applied, the cable 
will produce a damped oscillation called ringing 
which distorts the desired signal. Pick up of a.c. in 
the cable to the d-c generator is minimized by the 
use of the upper platinum electrode rather than 
the lower one. In this manner the d-c supply elec- 
trode is kept outside of the a-c field in the electro- 
lyte. In the cables to the electrometer amplifier and 
to the oscilloscope, ringing is minimized by the use 
of the scope probes. 

The square wave frequency is adjusted for the 
particular electrode capacity range to be investi- 
gated. A high frequency is desired to minimize the 
voltage swing of the electrode and the frequency 
dependence. The upper limit is set by the response 
of the oscilloscope and by the available output 
current of the generator. The square wave current 
is set by the choice of the noninductive resistor and 
using the maximum output voltage of the generator, 
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which in our case, was 50 v. A low leakage capac- 
itor is used to block out the d-c component. This 
capacitor must be large enough to pass the lowest 
frequencies involved with a drop of less than 2%. 

The differential input of the oscilloscope assures 
rejection of any stray pick-up. The two scope 
probes must be a matched pair to preserve the 
differential characteristics of the scope. The trim- 
ming of the frequency compensating capacitors and 
the differential balance controls in the oscilloscope 
must be done with the probes connected to achieve 
the lowest noise level and best resolution. 

The constant current generator has been de- 
scribed in an earlier paper (14). It is capable of 
delivering currents from 1 ya to 10 ma with a regu- 
lation better than 0.5%. The shield of the output 
cable is the common ground for the whole circuit. 
The bias box consists of a helipot potentiometer 
across a 5-v mercury battery. The desired bias 
voltage is obtained between one end of the pot and 
the slide contact. This voltage is in series with the 
input voltage of the General Radio 1230-A Electro- 
meter. The electrometer output drives a Minne- 
apolis-Honeywell 1% second Recorder. The electrode 
potential can be followed in this manner with an 
accuracy of 1 mv or 0.25%, whichever is greater. 

The square wave generator is a Hickok model 
710. The rise time of the generated square wave is 
0.1 microsec, and the frequency range is 20 cycles 
to 1 M cycle. The maximum output voltage is 50 v 
peak to peak, and the maximum current output 50 
ma. In the experiments to be described, the current 
limiting resistor was 10,000 2 which adjusted the 
square wave current to 5 ma. The d-c blocking 
capacitor was 5 uF. 

The oscilloscope is a Textronic model 535 with a 
53/54 D plug-in preamplifier. The camera was a 
DuMont model 352. This is a Robot camera which 
is able to take up to 6 pictures per second. In our 
experiments, the camera was triggered manually, 
but a solenoid was provided which allowed remote 
or automatic triggering. The flash contact available 
on the camera was used to trigger a marker pen on 
the recorder through a sensitive transitorized relay. 
In this way the time of each exposure was exactly 
correlated to the voltage recordings. 


Results and Discussion 

Figure 3 shows a selection of oscilloscope traces 
obtained during an anodization run on pure lead in 
4.40M H.SO, at 30°C. The anodizing d-c current was 
1 ma/cm’*. The square wave current was 5 ma peak 
to peak with a frequency of 6250 cps. The sweep 
speed of the oscilloscope was 20 yusec/cm, or 200 
usec full screen. The voltage scale factor was varied 
from 5 to 25 mv/cm, depending on electrode 
capacity. The initial slope of the traces is a meas- 
ure of the electrode capacity. The capacity C is 
determined by the equation 


i 
(8V/8t) 


where i is the square wave current and 45V/ét the 
voltage time slope. 
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Fig. 3. Selection of oscilloscope traces. DC current 1 ma. 
Square wave current 5 ma peak to peak. Frequency 6250 cps. 
Sweep speed of oscilloscope 20 usec/cm (before reproduction 
of photograph). Photograph |: hydrogen evolution, at scale 
factor 25 mv/cm; 2: after 15 sec anodizing, scale factor 
5 mv/cm; 3: after 47 sec, 5 mv/cm; 4: after 53 sec, 25 
mv/cm; 5: after 54 sec, 25 mv/cm; 6: 55 sec 25 mv/cm; 
7: 105 sec, 25 mv/cm; 8: 122 sec, 5 mv/cm; 9: 126 sec, 
5 mv/cm; 10: 129 sec, 5 mv/cm; 11: 137 sec, 5 mv/cm; 
12: 129 sec, 5 mv/cm. 


The first trace was taken during cathodization 
with hydrogen evolution, at 1 ma/cm* at 25 mv/cm. 
The steepness of the slope shows that the capacity 
here is fairly small, amounting to about 10 »F/cm’. 
Trace 2 is taken 15 sec after reversal of the cur- 
rent. At this point metallic lead is being converted 
to lead sulfate, a reaction which proceeds with ex- 
treme ease. The capacity, as determined from the 
initial slope, is 40 »F/cm. It is interesting to ob- 
serve that the trace is highly curved indicating 
a nonlinearity in the apparent electrode capacity. 
This shows that at this point the electrode does 
not behave like an ideal condenser, but that a 
faradaic current is also flowing. The “exchange 
current” of the conversion of lead to lead sulfate is 
large, so that even with a small polarization a large 
faradaic current is produced. The curvature ac- 
counts for the frequency dependence usually ob- 
served with a-c bridge techniques. The initial 
portion of the trace is representative of the high- 
frequency range, whereas the later portions corre- 
spond to the lower frequency range. 

Trace 3 is taken further along the lead-sulfate 
plateau and shows that the capacity is now decreas- 
ing, which is due to a blockage of the surface with 
lead sulfate. Traces 4, 5, 6, and 7 are taken during 
the rise of the electrode potential toward the 
oxygen evolution value. In this portion, the capaci- 
ties are extremely small, in the range from 1 to 
3 4F/cm’. Film resistance, on the other hand, is in- 
creased considerably as shown by the ohmic drop. 
The electrode is substantially covered with a pas- 
sivating layer of lead sulfate. Traces 8, 9, 10, 11, and 
12 show the gradual build up of capacity as a sur- 
face film of PbO, is built up and oxygen is evolved. 
It is interesting to note that the traces are quite 
straight in this region, indicating a small faradaic 
component which means that the exchange current 
is small. 

At the points where the current reverses, small 
peaks are observable on the oscilloscope traces. 
These peaks result from high-frequency pick-up by 
the unshielded capillary to the reference electrode. 
They could have been eliminated by proper shield- 
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Fig. 4. Electrode potential and double layer capacity as 
function of time during build-up of an anodic corrosion layer 
on lead at | ma/cm’. 


ing, but they did not interfere with the accuracy 
of the measurements. In fact, they turned out to be 
quite useful in checking the particular voltage scale 
factor used. 

Figure 4 shows a plot of the electrode potential 
vs. the Hg/Hg.SO, reference electrode and of the 
capacities as a function of time during anodization 
at 1 ma/cm’. The lower curve with the crosses is 
the capacity as determined from the initial slope of 
the traces, and the curve with the circles shows the 
capacity including a faradaic component, as deter- 
mined from the average slope of the traces and 
shows the regions where this component is large. 
In particular, it is seen that the faradaic component 
is large during the reversible oxidation of lead to 
lead sulfate. The first voltage plateau corresponds 
to this reaction. As the electrode is covered with 
lead sulfate, the capacity decreases and drops 
sharply to a very small value at the point where the 
potential starts to rise. As the oxidation of lead 
sulfate to PbO, proceeds and oxygen is evolved, the 
electrode potential drops somewhat and the capacity 
gradually increases to very high values. A hump in 
the capacity curve is observed at a point where the 
potential stops falling and could possibly corre- 
spond to the completion of the oxidation of lead 
sulfate to 8 PbO, and the start of oxygen evolution 
and production of a PbO, from the metallic lead. 

The resistance of the electrolyte path from the 
electrode to the Luggin capillary is about 0.3 ohm in 
the electrolyte used. Such a low value could not be 
achieved with an arrangement whereby the a-c 
potential is measured between the electrode and a 
much larger platinum counter electrode in the same 
solution (15). 

Figure 5 shows similar curves for an anodization 
at 3 ma/cm’. Again, one observes a large faradaic 
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Fig. 5. Electrode potential and double layer capacity as a 
function of time during build-up of an anodic corrosion 
layer on lead at 3 ma/cm’. 


component during the conversion of lead to lead 
sulfate, the low capacity during passivation where 
the ohmic drop is high, in the order of 1 ohm, and 
the hump at the end of conversion of PbSO, to 
B PbO.. 

Figure 6 shows the electrode potential and 
capacity curves during discharge at 1 ma/cm’ of the 
PbO, layers formed after 180 sec of anodization at 
1 ma/cm’. On the potential plot one recognizes the 
PbO./PbSO, plateau, the PbSO,/Pb plateau, and a 
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Fig. 6. Electrode potential and double layer capacity as a 
function of time during discharge of an anodic film on lead 
at | ma/cm’. 
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Fig. 7. Electrode potential and double layer capacity as a 
function of time during discharge of an anodic corrosion 
layer on lead at 3 ma/cm’. 


slow decrease of potential toward the hydrogen 
overvoltage value. During the PbO. step the ca- 
pacity is extremely high, 500-1000 y»F/cm, but 
decreases rapidly toward the end of the plateau to 
a very low value. This indicates a passivation of the 
PbO, film as it is covered by PbSO,. During the 
PbSO,/Pb plateau the capacity is again much 
higher and decreases again toward the end of the 
plateau. It is interesting to note that there exists a 
potential plateau at about —0.73 v vs. Hg/Hg.SO, 
during which the capacity remains quite small. This 
could correspond to the formation of a discharge 
product underneath a partially protecting sulfate 
layer, for instance PbO, or polarized a PbO.. 
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Figure 7 shows a discharge curve at 3 ma/cm 
after 300 sec of anodization at 3 ma/cm’. Quite 
similar phenomena are observed. The ohmic resist- 
ance again increases sharply at the end of the PbO, 
discharge step, indicating passivation. 

These results show the usefulness of this tech- 
nique in studying transient film phenomena on 
electrodes. The capacities can be measured with a 
precision of better than 3% and the voltages to 1 


mv during processes lasting only a number of 
seconds. 


Manuscript received Dec. 22, 1958. This paper was 
SS for delivery before the Ottawa Meeting, Sept. 
28-Oct. 2, 1958. 


_ Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1960 JouRNAL. 
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Oxygen Overvoltage and Electrode Potentials 
of Alpha- and Beta-PbO 


P. Riietschi, R. T. Angstadt, and B. D. Cahan 


Research Center, The Electric Storage Battery Company, Yardley, Pennsylvania 


ABSTRACT 


Buildup and decay of oxygen overvoltage on a- and s-PbO. has been stud- 
ied. Layers of the two PbO. modifications were electrodeposited on Pt wires, 
sealed at both ends into glass. Initial buildup of oxygen overvoltage at con- 
stant current is linear with time, and decay on open circuit is logarithmic with 
time. The results are explained on the basis of a generalized theory of over- 
voltage. Electrode potentials of a- and s-PbO, have been measured as a func- 


tion of pH. 


Lead dioxide exists in two modifications, the tetra- 
gonal f£-PbO. and the orthorhombic a-PbO.. The 
latter was identified only a few years ago by Zaslav- 
sky, et al. (1). Previously, an unidentified oxide of 
lead had been described by several authors (2, 3). 


Bode and Voss (4) and Riietschi and Cahan (5), 
found a-PbO, independently in battery and corrosion 
research. Recently, other authors have mentioned 
the occurrence of a-PbO, (6-8). 

The exact electrode potentials of a- and B-PbO, in 
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H,SO, have been determined recently (9) by the 
authors.’ The potentials of the a-PbO.-PbSO, and the 
B-PbO,-PbSO, couples are 1.7085 + 0.0005 v and 
1.7015 + 0.0005 v, respectively, vs. H, in 4.4M H.SO, 
at 31.8°C. This value of the 8-PbO, electrode is in 
good agreement with that reported by Hamer. Other 
measurements of electrode potentials of a-PbO, have 
also been reported (10). 

In spite of the fact that the potentials of the PbO 
electrodes are much higher than the potential of the 
oxygen electrode and that the PbO, electrodes must, 
therefore, thermodynamically oxidize water to oxy- 
gen, the PbO, potentials can be measured over long 
periods of time with good reproducibility. Thus, PbO, 
electrodes have a very high degree of metastability, 
which is the reason that these electrodes can be used 
in the lead-acid battery. 


Experimental 

Electrodes of a- and 8-PbO. have been prepared 
by electrodeposition onto a platinum rod, sealed at 
both ends into glass. The exposed length of the 
platinum rods was 20.0 mm and the diameter 1.30 
mm. 

The plating solution for the a-PbO, electrode was 
prepared by making up a stock solution of lead 
plumbate (500 ce of saturated sodium acetate, 100 
cc of saturated lead acetate, 1000 cc of carbonate-free 
saturated KOH and 500 ce of water). Prior to plat- 
ing, the solution was diluted 1:1 with water. Triple- 
distilled water was used throughout the experiments. 

For the B-PbO, electrode, the plating solution was 
lead perchlorate-perchloric acid. A stock solution 
was prepared by dissolving 500 g of PbO in 1000 cc 
of 30° perchloric acid. The PbO was obtained by 
precipitating from a lead nitrate solution at slightly 

Since this paper was submitted for publication, electrode poten- 
tial measurements on a-PbO, electrodes by S. J. Bone, Battery 
Symposium, Signals Research and Development Establishment, Min- 


istry of Supply, Christchurch, Hampshire, England, Oct. 21 to 23, 
1958, have been brought to the attention of the authors by M. Barak. 


Fig. 1. Electrodes of a- and S-PbO, electrodeposited on Pt 
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alkaline pH, adjusted by the addition of KOH. The 
precipitate was dried at 170°C. Prior to plating, the 
stock solution was diluted 4 parts to 1 part H.O. The 
plating of both electrodes was performed in a two- 
compartment cell, joined at the bottom with a capil- 
lary, in a water bath held at 30°C. The plating cur- 
rent was 1 ma, the plating time 6 days. The plating 
bath was renewed every two days. PbO. was de- 
posited to a depth of 0.1 mm. 

Certain precautions must be observed when mak- 
ing PbO, electrodes. For instance, during the electro- 
deposition of a-PbO, it was observed that a too 
strongly alkaline solution would permit the growth 
of red Pb,O, crystals on the electrode. Further, at the 
end of the plating period, the electrodes must be 
washed carefully so as to be free of Pb” ions, which 
would otherwise form deposits of PbSO, which can 
rupture the electrodeposits physically or form passi- 
vating layers. Also, particular care must be taken 
that during washing temperature fluctuations are 
kept to a minimum. Rapid evaporation of water by a 
stream of air might chill the electrode sufficiently to 
cause cracking, and even the smallest crack or ex- 
posure of the underlying platinum to the solution re- 
sults in rapid deterioration of the electrodes. 

Electrodes prepared in this manner, and for which 
the above precautions were observed, were stable 
over extended periods of time (up to one month) 
and their potentials were reproducible to within 
1 mv. 

Constant currents were obtained by a generator 
described earlier (5). 

Electrode potentials were measured against hy- 
drogen and Hg/Hg.SO, in the same solution. Elec- 
trode potentials were followed with a precision of 
1 mv, current drains less than 10°" amp and with a 
response of 1 mv in 20 msec. 

Figure 1 shows a photograph of two electrodes 
prepared in the described manner. This picture was 
taken at the end of all the measurements 1eported 
herein and after a surface film of the electrodes had 
been stripped off in ammonium-acetate solution. The 
texture of the a electrode is quite smooth and shiny, 
whereas the surface of the 8 electrode appears poly- 
crystalline. 


Results 


Figure 2 shows the dependence of the a- and 
B-PbO, electrode potentials on pH. The first point 


Fig. 2. Electrode potentials of a- and 6-PbO. as a function 
of pH vs. a hydrogen electrode in the same solution at 30.0° 
+ 0.02°C. 
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(at pH —0.6) was measured in 4.4M H,SO,. Subse- 
quent measurements were made in solutions where 
the (SO,) concentration was maintained at 1/10M. 
For pH 1, a 1/10M solution of H.SO, was used. For 
other pH values, various amounts of a solution, 
which was 1/10M in KOH and 1/10M in K.SO,, were 
mixed with a 1/10M solution of H.SO,. In this man- 
ner, the sulfate ion concentration was kept at 1/10M 
in all the experiments. After mixing, the solutions 
were saturated with PbSO,, and pH values were de- 
termined accurately with a glass electrode. Figure 2 
shows that above pH 2 the potentials tend to vary 
only little with pH. This behavior is, of course, in 
contradiction to the normally written electrode re- 
action involving hydrogen ions. However, one has 
to remember that PbSO, starts to become soluble at 
high pH values. Soluble lead species might set up a 
mixed electrode potential. Also, the H.SO,-K.SO,- 
KOH system is not a very good buffer, and in the pH 
range from 2 to 9 the hydrogen ion concentration is 
not well stabilized. 

Figure 2 shows that in strongly acid solutions the 
a-PbO, has a potential 7 mv above that of the 
B-PbO., but that there is a crossover in the region 
between pH 1 and 2 where the £-PbO, becomes 
more positive than the a-PbO.. The electrode with 
the lower potential is naturally the more stable one, 
hence it follows that in solutions more alkaline than 
PH 2, a-PbO, is formed in preference to B-PbO.. The 
crossover point might be influenced by the particular 
anion of the solution. In our case only SO, and OH” 
were present. 

The crossover in electrode potentials is of practical 
importance in lead-acid battery manufacture. The 
interior of positive plates is known to remain basic 
during the initial periods of formation, providing one 
condition conducive to the formation of a-PbO.. It is 
also known that corrosion of metallic lead at ele- 
vated potentials tends to form a-PbO,. This might 
also be due to a pH effect underneath a protecting 
sulfate layer. The combination of the two conditions 
provides an explanation for the observation that 
newly formed positive plates usually show more 
a-PbO, in their interiors than in their surface layers. 

After measuring the potentials through the pH 
series, the electrodes were replaced in 4.40M H.SO,, 
and the potentials were observed to return to within 
1 mv of their previously observed values. This was 
repeated with the same result, demonstrating the 
stability of the electrodes. Also, concerning stability, 
on occasion the electrodes were polarized slightly 
below their open-circuit values for very short time 
periods whereby some lead sulfate was formed; 
after removing the polarizing current the electrodes 
returned slowly to their original open-circuit values. 

After prolonged open-circuit stand of these elec- 
trodes in 4.40M H.SO,, the slow oxidation of water, 
as mentioned earlier, produced some self-discharge 
and the buildup of some lead sulfate on the surface. 
If the electrodes are subsequently anodized at an ap- 
preciable rate (where the electrode potential is 
raised substantially), this lead sulfate is oxidized to 
B-PbO.. This treatment, therefore, does change an 
a-PbO, electrode into an electrode containing a mix- 
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ture of a- and £-PbO.. During open-circuit periods 
an exchange current is always maintained. A finite 
amount of PbO. is converted into PbSO, and vice 
versa. This exchange establishes the reversible po- 
tential. In the case of an a-PbO, electrode, this means 
that PbSO, must convert back to a-PbO, at the rate 
of the exchange current even in acid solution. The 
fact that a-PbO, is formed rather than B-PbO, must 
be explained in that the activation energy required 
for the nucleation of 8-PbO, must be greater than 
the activation energy required for the deposition of 
a-PbO, on a-PbO,. During anodization, the electrode 
potential is raised sufficiently that the activation 
energy for the formation of B-PbO, is exceeded and 
the 8 phase can be formed. Without anodization, the 
electrodes maintain their particular structures over 
extended periods of time. This has been determined 
both by their maintenance of distinctly different and 
reproducible potentials and by x-ray diffraction 
analysis. The difference in electrode potentials be- 
tween a- and §-PbO, in the same solution must be a 
measure of the difference in free energy of the two 
crystalline modifications. The crossover of the poten- 
tials could mean that the free energies of the two 
materials are a function of the hydrogen (or hy- 
droxyl) ion concentration of the electrolyte. The 
oxygen deficiency and/or possibly the OH™ or H’ 
content of either crystalline form of PbO, can change 
with the pH of the solutions with which they are in 
equilibrium. In other words, the free energy (or 
electrode potential) varies with the oxygen defi- 
ciency and/or OH or H’ content in the crystals. 

This becomes particularly evident in oxygen over- 
voltage studies. Figure 3 shows the buildup of oxy- 
gen overvoltage on the B-PbO, electrode at constant 
current. The electrode had been anodized previously 
at 10 wa over a prolonged period of time and then 
left on open circuit for 24 hr prior to the curve 
identified 20 na. After each anodization the electrode 
was allowed to decay to a vaiue slightly above the 
reversible potential and then anodized at the next 
higher current. In this manner no PbSO, was allowed 
to be formed on the electrode. The formation of lead 
sulfate would have changed the surface area of the 
electrode upon subsequent anodization. The currents 
in Fig. 3 refer to the total electrode area. 

The buildup of oxygen overvoltage at constant 
current involves four processes which proceed at 
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Fig. 3. Buildup of oxygen overvoltage on f-PbO. at con- 
stant current in 4.40M H.SO, at 30.0°C 
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different rates. The fastest process occurs first and is 
the buildup of a double layer, whereby only free 
electrons of the electrode and hydrated ions of the 
solution are displaced. This process occurs during 
the initial few microseconds and was observed using 
an oscillographic technique. The apparent double- 
layer capacity of this first process is of the order of 
100 ~«F/cm’ of the true surface area. 

The buildup of the double layer is paralleled by 
the much slower process of oxygen deposition onto 
the surface of the electrode. This process becomes 
predominant after the initial few milliseconds and 
after a rise of potential of 5-10 mv. During this sec- 
ond step (which is shown in Fig. 3) the potential 
rises linearly with time. The process involves the 
buildup of a layer of adsorbed, negatively charged 
oxygen species. This can be expressed again as an 
apparent capacitance. Also, this capacity is appar- 
ently constant over a considerably potential region. 
If the current density is divided by the slope of the 
linear portion of the curve, one obtains a value for 
this apparent capacity of 20,000 to 30,000 ».F/cm* of 
apparent geometric area. This capacity is independ- 
ent of the charging current. 

As the oxygen content on the surface continues to 
increase, two further processes become apparent. 
Oxygen molecules are formed from the activated ad- 
sorbed species and oxygen is removed by evolution as 
a gas. The process of oxygen removal becomes in- 
creasingly faster with the number of adsorbed spe- 
cies and finally approaches asymtotically the rate of 
oxygen deposition onto the surface. 

Consideration has been given to a fourth process: 
oxygen may diffuse into the bulk of the PbO, elec- 
trodes and slowly saturate it. Because of the rela- 
tively slow rate of the last process, the steady-state 
value of oxygen overvoltage on PbO, electrodes is 
reached slowly. 

Figure 4 shows the steady-state oxygen overvolt- 
age on a- and £-PbO, in 4.4M H,SO, at 30°C. The 
Tafel slope of the a electrode is 0.07 and that of the 
B electrode is 0.14. This would indicate a different 
mechanism of oxygen evolution on the two elec- 
trodes. The slopes were quite reproducible and were 
measured several times with increasing and decreas- 
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Fig. 4. Steady-state Tafel curves for a- and f-PbO, elec 


trodes at 30.0°C in 4.40M H.SO, 
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Fig. 5. Decay of oxygen overvoltage on open circuit of a 
B-PbO, electrode at 30.0°C in 4.40M H.SO,. 


ing currents. The values of the slopes remained con- 
stant after anodization periods of up to 5 days which 
demonstrates the absence of any changes in modifi- 
cation during anodization. It is of interest to note 
that the absolute overvoltage value of §-PbO, is 
higher than the value for a, although the reverse is 
true of the reversible potential on open circuit. Tafel 
slopes for oxygen overvoltages on a- and £-PbO. re- 
ported earlier (9) were obtained without thoroughly 
saturating the electrodes by previous anodization. 

The decay of oxygen overvoltage on open circuit 
is shown in Fig. 5. 

The decay tends to become logarithmic with time, 
and the slope of the voltage-log time plot is (within 
experimental errors) the negative of the Tafel slope. 

Figure 6 shows the plot of the open-circuit decay 
of potential vs. log time for the a electrode. 

That the slopes of the potential vs. log time plot 
are the negatives of the Tafel slopes can be explained 
by the following: The electrode potential is a linear 
function of the surface concentration of oxygen 
(11-13). The rate of oxygen evolution and desorp- 
tion is an exponential function of the electrode po- 
tential; therefore one obtains 
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Fig. 6. Decay of oxygen overvoltage on open circuit of 
a-PbO, electrodes at 30.0°C in 4.40M H.SO, 
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T T In the first one the potential was forced to 1.8 v and 

2 in the second to 1.7 v (that is, the reversible open- 
3 circuit value). At the point where the electrode 
+ reached these potentials, the current was inter- 
. rupted. The voltage-time curve showed a recovery of 
2 overvoltage of more than 30 mv after interruption of 
“T current before the potential slowly decayed to the 
8 open-circuit value. At higher reversal currents, the 
3 recoveries observed were much greater, in the order 
5 of 100 mv. This phenomenon, which has not been 
2.4 described previously, shows that the electrode po- 
| | tential is maintained by the strongly adsorbed or 

oo 10 
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Fig. 7. Recovery of overvoltage after discharge to a lower 
potential value. 


where i is the current density, V the electrode po- 
tential, [O°] the oxygen concentration on the sur- 
face, and K, and K, are constants. 

Integrating, one obtains 


K. KT VaZe, V.aZe, 
K, aZe, KT KT 


After the potential has decayed about 50 to 100 mv, 
the second exponential may be neglected and one 
obtains: 


t 


KT KT K KT 
V Int — in [3] 
aZe, aZe K, aZe, 
or 
dV KT 
[4] 
d(int) aZe, 


which is the negative of the Tafel slope (11). 

The presence of the adsorbed (activated) oxygen 
on and/or in the PbO, lattice was demonstrated by 
the following experiment. The oxygen overvoltage 
of the 8 electrode at 2 ma was forced down toward 
the open-circuit potential by application of a re- 
versed current of 2 ma. The current was interrupted 
after the potential reached a given value. Figure 7 
shows the voltage-time curves for two different runs. 


absorbed species. A reversal of current would defi- 
nitely destroy a diffuse ionic type double layer. 
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On an lon-Exchange Property of Manganese Dioxide 


Akiya Kozawa 
Department of Applied Chemistry, Faculty of Engineering, Nagoya University, Nagoya, Japan 


ABSTRACT 


When manganese dioxide is shaken with an electrolyte solution, the cation 


is adsorbed and hydrogen ion is released: an ion exchange reaction takes place 
on the surface of the manganese dioxide. A simple method based on zinc ion 
exchange reaction is proposed to measure the ion exchange capacity of various 
manganese dioxides. Results have been compared to the surface area of those 
samples measured by the B.E.T. method based on nitrogen gas adsorption, and 
a fairly good proportionality was found between them. The mechanism of the 


If manganese dioxide is shaken with a salt solu- 
tion, some cations are adsorbed on the dioxide, and 
simultaneously hydrogen ions are released to the 
solution. This ion-exchange property of MnO, has 
been known since 1926 (1, 2). Sasaki (3) and John- 
son and Vosburgh (4) have emphasized the impor- 
tance of this ion-exchange property in conjunction 
with measurements of the electrode potentials of 
Mn0O., since the potential depends on the pH of the 
solution. The ion-exchange capacity of MnO, varies 
widely from sample to sample and also is affected by 
various factors which determine the suitability of 
certain manganese dioxides for dry-cell use. The 
ion-exchange capacity of MnO, usually is known as 
“the pH of the manganese dioxide.” In Japan this 
statement is taken to mean the change in the pH 
value of a salt solution after shaking it with the di- 
oxide. The pH values can be used to evaluate man- 
ganese dioxides for dry cell use (5) and have a close 
relationship with the corrosion of the zinc anode. 
Up to the present time only water and ammonium 
chloride solution (3) have been used for the deter- 
mination of the pH value. 

In the present paper, a new method is proposed 
for comparing the ion-exchange capacities of vari- 
ous manganese dioxides. Manganese dioxide is 
shaken with an NH,C1 solution in which ZnO is dis- 
solved, and the solution then is analyzed for zinc 
and hydrogen ion by volumetric methods. The re- 
sults for various samples of manganese dioxide are 
compared with the surface areas of these samples 
as obtained by the B.E.T. method. In addition, in 
order to clarify the mechanism of the ion-exchange 
reaction, several additional experiments have been 
carried out. 


Special Property of Ammonium Chloride Solution 
in Which Zine Oxide Is Dissolved 

In preliminary experiments it was found that the 
adsorption of cations on MnO, depends on both the 
PH of the salt solution and the concentration of the 
cation. Therefore, these conditions must be kept con- 
stant if the relative ion-exchange capacities of 
manganese dioxides are to be measured. Ammonium 
chloride solution in which ZnO is dissolved has a pH 
of about 7 and, in addition, has very good buffer ac- 


ion exchange is correlated with the structure of a surface complex. 


tion. When this solution is titrated with HCl, a 
nearly constant pH is maintained until the point 
where the same number of equivalents of HCl are 
added as that of ZnO added to the solution. At this 
point the pH changes suddenly. Two moles of NH,Cl 
and about 0.1 mole of ZnO were dissolved in a liter 
of water. The zinc content was determined by the 
E.D.T.A. method: 5 ml of the solution was titrated 
with a 0.02 m/l] E.D.T.A. (ethylenediaminetetracetic 
acid disodium salt) standard solution using Erio- 
chrom Black T as the indicator (before titration, the 
pH was adjusted to about 9.5 using an NH,CI-NH,OH 
buffer). 

Figure 1 shows the titration curves for the zinc 
solution (2 m/l NH,Cl, 0.1073 m/l ZnO) using 
0.100N HCl as the standard solution. It is evident 
from the titration curves that the zinc solution has a 
remarkable pH buffer action. At the point where 
exactly the same number of equivalents of HCl is 
added as that of zinc in the solution, the pH changes 
suddenly from 5 to 2.8. This feature of the zinc 
solution makes it possible to determine the zinc ion 
adsorption on MnO. at a constant pH of 7 and also 
to measure the released hydrogen ion by titration of 
the resulting solution with HCl. 

This property also can be used to determine a 
small amount of ZnO existing in ZnCl. as an im- 
purity. In most cases, ZnCl, even the analytical re- 
agent, contains a small amount of ZnO. A concen- 
trated ZnCl, solution (7.63 m/l from zinc analysis) 


nw 


100 200 300 400 «x 10°F 
HCl ADDED, MOLE 


Fig. |. Titration curves of the Zn solution (2 m/I NH,CI, 
0.1073 m/I ZnO). 10 or 20 mi of the Zn solution was 
titrated, corresponding to curve A or B, respectively. Broken 
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Fig. 2. Titration curves of the solutions of NH,Cl (0.5 and 
4.0 m/I), into which to 3 mi of ZnCls (7.63 m/l) solution 
containing ZnO were added. Broken lines indicate the points 
where mole ratio H* added: ZnO contained in the ZnCl. 
= 2:1. 


containing a small amount of ZnO was prepared. One 
to five ml of this solution was added to 50 ml of 0.5, 
2.0, and 4.0 m/l NH,C1 solution. These solutions then 
were titrated with a standard solution of HCl, using 
a pH meter to measure pH values. Results for the 
0.5 and 4.0 m/1 solutions are shown in Fig. 2. In spite 
of the large difference in NH,Cl and ZnCl. concen- 
tration, an abrupt pH change was noted and, as more 
of the ZnCl, solution containing ZnO was taken, 
proportionally more HCl was consumed. 

From very careful analysis of the ZnCl, solution 
the ratio Zn:Cl = 1:1.900 was determined. There- 
fore, the original ZnCl, contained ZnO in the amount 
of 1/20 of the total zinc. Dotted lines in Fig. 2 in- 
dicate the equivalent amounts of HCl as calculated 
from this analysis. 

From the previous studies (6,7) of the ZnCl.- 
NH,CI1-H,.O system, the above described behavior of 
the zine solution can be understood. In the zinc solu- 
tion containing 2 m/l NH,Cl and 0.1 m/] ZnO, the 
species [ZnCl,]*, [Zn(NH,)-.Cl.], 
[Zn(NH,),Cl]*, [Zn(NH,;),.]* are present, with 
[Zn(NH,).Cl.] being the predominant complex at 
pH 7. The equations describing the formation and 
dissociation of this complex ion (neglecting inter- 
mediate species) are: 


ZnO + 2NH,Cl > [Zn(NH,).Cl.] + H.O [1] 


[Zn(NH,).Cl.] +2 H,O + 2Cl = 
[ZnCl,]* + 20H +2NH, [2] 


When HC! is added to the zinc solution the OH’ is 
neutralized and all the [Zn(NH,).Cl.] is converted to 
[ZnCl,]*. 


Proposed Method for Determination of the 
Ion-Exchange Capacity of MnO, 

If MnO. is shaken with the zinc solution described 
above, zine ion is adsorbed and hydrogen ion is re- 
leased, but the ion-exchange reaction proceeds at a 
nearly constant pH value. A portion of the super- 
natant solution (or the filtrate) then is titrated with 
a standard solution of HCl (0.100N) using methyl 
orange as the indicator. The difference between the 


RELEASED, MOLE 


50 100 150 #10 


Zn ADSORBED, MOLE 


Fig. 3. Zn** adsorbed and H* released by the ion-exchange 
reaction on electrolytic MnOs. The three points correspond to 
1, 2, and 3 g of MnO:z taken as samples. A, experimental 
values; O, experimental results corrected for free acid in the 


amount of HCl consumed in this procedure and that 
consumed by the original solution corresponds to the 
amount of hydrogen ion released by the ion-ex- 
change reaction. Another portion of the supernatant 
solution is analyzed by the E.D.T.A. method to de- 
termine the zinc ion adsorption. 

Samples of 1, 2, and 3 g of MnO, (prepared by 
electrodeposition and ground so as to pass through 
a 100 mesh sieve) were added to 50-ml portions of 
2 m/l NH,Cl + 0.1 m/] ZnO solution contained in 
100-ml flasks fitted with rubber stoppers. The re- 
sulting suspensions then were shaken for 6 hr by 
machine and allowed to stand overnight. Then 5-ml 
portions of the supernatant liquid were analyzed for 
Zn** and H’ as described above. Thus, the amount of 
adsorbed Zn** and released H’ were determined. Re- 
sults are shown in Fig. 3. The MnO, used contained 
some free H,SO,. Therefore, the released H’ value 
must be corrected. After complete decomposition of 
the dioxide by concentrated HCl, the SO, in the 
solution was determined as BaSO,. The correction 
is shown in Fig. 3. The corrected values show that 
the ratio adsorbed Zn"':released H’ is very nearly 
equal to 1:2, and that the ion-exchange values are 
proportional to the amount of MnO, used. Thirty 
minutes shaking followed by filtration gave the same 
results within 5%. 

To measure the Zn adsorption of a very small 
sample of MnO, (15-50 mg), a more dilute Zn solu- 
tion (0.5 m/l NH,Cl, 0.005 m/l ZnO; pH about 7.2) 
is recommended. In this case 0.01-0.005 m/1 E.D.T.A. 
standard solution should be used. This micromethod 
for the zinc adsorption measurement has been shown 
to give the same results as that of the above method 
within a few per cent. The micromethod has been 
applied to MnO, electrodeposited on graphite rods 
(8). 

Since the Zn adsorption value is not affected by 
free acid, NaOH, or Na.CO, present in the sample, 
it, rather than the amount of H’ released, may be 
taken as a measure of the ion-exchange capacity of 
MnoO.. If the MnO, sample has heavy metal ions ad- 
sorbed on the surface, these should be washed off 
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Table |. Various samples of MnO, (ground to pass through 100 mesh 
sieve) for measurement of ion-exchange capacity 


xin MnO, % 


1.98 


No. 1 prepared by electrodeposition 84.94 
from MnSO, bath at 97°-98°C 
with a current density of 1.74 
amp/dm* 

No. 2 No. 1 treated with Na,CO, so- 1.98 87.58 
lution 

No. 3 No. 2 washed with 6N H,.SO, 1.94 89.23 
at 60°C, then with water 

No. 4 cryptomelane prepared by au- 1.95 89.31 
toclaving No. 2 with NH,Cl 
solution at 170°C 

No. 5 Mn,O, prepared by heating 1.50 50.01 
No. 2 at 630°C for 5 hr 

No. 6 No. 5 heated at 250°C with 1.53 55.95 
dilute NaOH solution followed 
by washing with water 

No. 7 prepared by thermal decom- 2.00 100.07 
position of Mn(NO,),. 

No. 8 natural ore (pirica) 2.00 86.05 

No. 9 natural ore (kawai) 1.96 76.88 


by dilute H,SO, prior to the ion-exchange capacity 
measurement. 

The method for obtaining the ion-exchange ca- 
pacity described above was applied to various sam- 
ples of MnO,, including natural ores, artificial man- 
ganese dioxides, and a series of heated manganese 
dioxides (see Table I). Some of the results were cor- 
rected for free acid. Results shown in Fig. 4 indicate 
that ion-exchange capacities thus measured are dis- 
tributed over a very wide range depending on the 
origin of the dioxide, the electrolytic manganese 
dioxides having the largest capacity. 

In Fig. 4, most of the points are above the theo- 
retical line of Zn‘': H’ 1:2. There are two causes 
for this: free acid and impurities such as Ca and Mg, 
the ions of which behave like Zn" in the E.D.T.A. 
method. Natural ores especially contain the latter 
impurities. The effect of these impurities is to de- 
crease the apparent adsorption of Zn". 
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Fig. 4. lon-exchange capacities of 1.00 g of the various 
manganese dioxides listed in Table |. The numbers near the 
points correspond to the ones in Table |. The triangles show 
the results for sample | on heating at the various tempera- 
tures indicated in the figure for 3 hr. Samples 1 and 3 were 
corrected for free acid, the length of the arrows indicating 
the amount of the correction. 
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Sasaki (5) and Johnson and Vosburgh (4) have 
shown that MnO, is able to exchange NH,’. For the 
case under consideration here, however, any con- 
tribution of NH, need not be taken into consider- 
ation, since the amount of H’ released can be ex- 
plained experimentally by the amount of Zn" ad- 
sorbed. Therefore, in the competitive adsorption of 
Zn** and NH,’, divalent Zn* seems to be far superior 
to monovalent NH,’ in spite of the large difference 
in the bulk concentrations. 


Relation between Ion-Exchange Capacity and 
Surface Area 

The surface areas of various manganese dioxides 
including electrolytic MnO, heated at various tem- 
peratures have been measured by the B.E.T. method 
using nitrogen gas adsorption at liquid nitrogen tem- 
peratures. In these experiments, prior to the gas ad- 
sorption, out-gasing of all the samples (except the 
unheated and 90°-heated samples) was carried out 
by heating at 165°C for 2 hr under evacuation in the 
adsorption vessel followed by 4-hr evacuation at 
room temperature. The unheated and 90°-heated 
samples were evacuated to 2 x 10° mm Hg for 24 
hr at room temperature. 

As shown in Fig. 5, the surface area of the electro- 
lytic MnO, decreases with heating temperature 
above 250°C. Although the surface areas for the un- 
heated and 90°-heated samples appear to be slightly 
smaller than that for th: 160°-heated sample due to 
their greater water content (several per cent), the 
surface areas per net MnO, content remain constant 
up to 160° heating. 

The relationship between the surface areas and 
the Zn ion-exchange values of the various kinds of 
MnO, is shown in Fig. 6. In spite of the variety of 
samples, there is a fairly good proportionality be- 
tween the surface area and the Zn adsorption value. 
The adsorption of 1 x 10° mole Zn” corresponds to 
140 m’* of the surface of MnO, with an approximate 
error of 10-15%. These results suggest a method 
for determining the approximate surface area of 
MnO, by the Zn adsorption method described above. 

In a previous paper (9) it was reported that heat- 
treatment of MnO, forms lower oxides on the surface 
of the sample. Thus, the cause of the decrease of the 
Zn” ion-exchange of MnO, on heating can be consid- 
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Fig. 5. Surface-area change of electrolytic MnO on heat- 
ing. Each sample was heated at the temperature indicated 
for 3 hr under air in an electric furnace. 
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Fig. 6. Relation between the surface area measured by the 
B.E.T. method and the Zn adsorption from the 2 m/I 
NH,CI, 0.1 m/I ZnO solution: 1, electrolytic MnO; 2, No. 1 
heated at 165°C; 3, No. 1 heated at 320°C; 4, No. 1 
heated at 450°C; 5, natural ore; 6, natural pyrolusite; 7, 
Mn.O; prepared from electrolytic MnO* by heating at 650°C 
for 6 hr. 


ered as twofold: change of the surface area and 
change of the surface oxidation state of the man- 
ganese dioxide. The former factor appears to pre- 
dominate, since points for Mn.O, and 450°-heated 
Mn0O., which has considerable lower oxide on its sur- 
face, fall on the straight line shown in Fig. 6. 

If the pore size of electrolytic MnO, is extremely 
small, the zinc adsorption method might not give 
the true surface area. Therefore, the pore size dis- 
tribution of electrolytic MnO. was measured using 
the mercury method (10, 11). The results (see Fig. 
7) show that the sample has a fairly homogeneous 
pore size with a predominant pore radius of 180A 
and with no extremely fine pores. This is in accord 
with the fact that the Zn ion-exchange reaction at- 
tains equilibrium within a short period of time. 


Mechanism of the lon-Exchange Reaction 

The following five experimental facts are impor- 
tant for consideration of the mechanism of the ion- 
exchange reaction occurring on MnoO.: 

1. The ratio of the adsorbed Zn” 
H’ is 1:2 (Fig. 3 and 4). 

2. The Zn‘ adsorption isotherm on MnO. was 
measured as follows: 2:00-g samples of electrolytic 
MnO, were washed with dilute H.SO, and shaken at 
25° + 1°C with various concentrations of the zinc 
solution (0.01-0.1 m/l] ZnO in 2 m/] NH,Cl, pH 7.0) 
using enough solution to furnish 5 x 10° mole of 
total zinc ion. 

The results, shown in Fig. 8, seem to indicate a 
typical chemi-adsorption process. The ratio of the 
number of Mn" atoms present on the surface of the 
MnO, to the number of Zn ions adsorbed on the sur- 
face for the highest concentration in Fig. 8 is Mn" 
= x 10° *:3.0 =z. 10" * 32:1. 

The number of Mn" atoms on the surface was cal- 
culated using the formula, number of atoms = 
(d x N/MnoO.)** x 100° x S, where d is the density of 
the MnO, (4.4 for this sample), S is the surface area 
as measured by the B.E.T. method using N, adsorp- 
tion (60.7 m*/g for this sample), N is the Avogadro 
number, and MnO. is the formula weight. 


to the released 


* Refer to 1 g MnO». 


PORE SIZE DISTRIBUTION FUNCTION, D(r)xI0* 


10 100 » 
PORE RADIUS, A 


Fig. 7. Pore size distribution of electrolytic MnOz (No. 2 in 
Table |). 


3. The ion exchange of various metal ions on 
MnO, was examined by shaking the electrolytic 
MnO, with various divalent metal sulfate solutions, 
2x 10° m/l in M"SO,, buffered to pH 5.5 with a 
sodium acetate-acetic acid buffer solution. Results 
are given in Table II. In the formation of divalent 
metal chelate compounds, for example: 


* o— Mo. 


(MKe) 
(Ke)? 
there is a well-established order in the stability 
constant (or log K) for the divalent metal ions 
(12), Cu > Ni > Co > Zn > Mg. Adsorption values 
for MnO, show a similar order, although the position 
of Ni is slightly different. 

4. Combined water molecules (13) and OH 
groups contained in the MnO, samples might be ex- 
pected to be the source of the released H’. However, 
the electrolytic MnO, loses almost all H.O when 
heated above 300°C: the original H,.O content is 
8.7% and after heating above 300°C it is only 0.4% 
or less (13). Nevertheless, this heated MnO, has a 
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Fig. 8. Zn’’ adsorption isotherm. Zn** adsorption by 2 g 
of the electrolytic MnO, in the zinc solution. 
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Table !!. Adsorption of various divalent ions on MnO, in the 
solution of pH 5.5 buffered with HAc and NaAc 


Cu 88 x 10° Mole/2 g MnO, 
Co 37 

Zu 26 

19.5 

Mg 0.5 


considerable ion-exchange ability, or in other words 
a considerable amount of H’ ion is released. Thus, 
the source of the released H’ may be H,O molecules 
from the solution adsorbed on the surface of the 
MnoO.. This is supported by the fact that the amount 
of H’ ion released is proportional to the surface area 
of the MnO,. 

5. Wadsley (14) has considered the ion-exchange 
reaction of various hydrous MnO, samples. Sodium 
contained in the hydrous oxides was irreversibly re- 
placed by various metal ions. However, the electro- 
lytic MnO, used in the above experiments was found 
by using a flame photometer to be free from Na and 
K. Also, it was found that the adsorbed Zn can be 
desorbed reversibly by lowering the pH of the solu- 
tion. Figure 9 shows the reversibility. The pH of the 
Zn solution was raised by adding NH,OH and then 
lowered by HCl. For each experimental point the 
mixture of MnO, and Zn solution was shaken for a 
few hours in order to attain the ion exchange equi- 
librium. 

In conclusion, the author would like to propose the 
mechanism shown in Fig. 10 for the ion-exchange 
reaction occurring on the surface of MnO... This 
mechanism satisfies all five of the experimental facts 
described above. In order for the complex ions in the 
zinc solution to be adsorbed preferentially on the 
MnO,, it is necessary that the adsorbed forms be 
more stable than the form existing in the solution. In 
the proposed mechanism, the adsorbed zinc forms a 
six-membered ring with the MnO, surface with ad- 
sorbed water. It is a well-known fact of chelate 
chemistry that 5- or 6-membered rings are more 
stable than complex ions having groups such as Cl, 
OH’, NH,, and H.O as the ligands. 
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Fig. 10. The mechanism of the ion-exchange reaction on 
the surface of 
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The Significance of the Flade Potential 


M. J. Pryor 


Metallurgical Laboratories, Olin Mathieson Chemical Corporation, New Haven, Connecticut 


ABSTRACT 


Previous explanations of the Flade potential have been reviewed critically. 
A new explanation based on a single phase passive film of y-Fe,O, having non- 
uniform defect concentration and type is advanced. The potential determining 
reaction is considered to be that between excess oxygen in the outer p-type 
layers and hydrogen ions and electrons. The inner n-type oxide is destroyed by 
reductive dissolution in acid media and by exchange of oxygen ions with hy- 
droxyl] ions in solution having pH values higher than 3.0. 


Previous Explanations of the Flade Potential 

If iron is polarized at progressively more noble po- 
tentials in sulfuric acid, the onset of passivity will be 
observed at a reproducible potential. If the potential 
of iron which has been passivated either by anodic 
means or by inhibitors is permitted to decay by 
switching off the passivating current, or by adding 
corrosive agents to the passivating solution, a similar 
well-defined potential arrest is again often observed. 
This potential arrest was first observed by Flade (1) 
whose name it now bears. Later workers (2) in the 
field have characterized the pH dependency of the 
Flade potential by the equation 


E = 0.58 — 0.059 pH [1] 


Since the early work of Flade, Weil (2) has pro- 
posed that the Flade potential is an equilibrium po- 
tential when no current is passing through the film 
and when no oxidation-reduction system is available 
in the electrolyte. This view has been supported by 
Cartledge (3) following a study of the formation of 
passive films in osmium (VIII) oxide. 

If the postulate that the Flade potential is an 
equilibrium potential is accepted, its pH dependency, 
under conditions of potential decay (with no ex- 
ternal current passing), implies that the basic reac- 
tion involved is an electrochemical reduction of the 
type 

O + 2H’ + 2e 


H,O 


[2] 


Depending on the state of association of the oxygen, 
ferric ions in an iron oxide film also may be reduced 
to the ferrous condition. 

The main problem lies in the fact that the oxygen 
would appear to be necessarily contained in or 
otherwise associated with an oxide of iron on the 
passive surface. Attempts to reconcile a value of E, = 
0.58 (Eq. [1]) with the standard state free energies of 
reduction of known bulk oxides of iron to an inter- 
mediate state or to the metal have been unsuccessful. 
In order to reconcile this difficulty “sandwich” oxides 
often possessing unusual properties have been sug- 
gested almost universally. Investigators favoring a 
thermodynamically reversible reaction have pic- 
tured the reaction giving rise to the Flade potential 
as occurring within such sandwich films. 

For instance, Cartledge (3) postulated the forma- 
tion of a duplex passivating oxide on iron immersed 
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in osmium (VIII) oxide. He assumed, consistent with 
past electron diffraction investigations (4-6), that 
the outer layer was composed of y-Fe.O;. He also 
assumed that an inner two dimensional layer of ‘‘ab- 
normal” ferrous oxide existed between the y-Fe.O, 
layer and the iron. By assigning arbitrarily an un- 
usual value of free energy of formation of —73.6 kcal 
mole" to the inner layer of abnormal “FeO” (the 
free energy of formation of bulk FeO is actually 
—58.4 kcal mole’) he was able to derive a potential 
determining reversible electrode process in the film 
as follows 


Fe.O, + 2H’ + 2e = 2“FeO” + H.O 
AF, = —26.7 kcal 


A fit with the E, 0.58 v for the Flade potential 
is obtained only because of the assumption of the 
unusual free energy of formation for abnormal 
“FeO”. This is somewhat similar to the approaches 
used by several investigators of passivation mech- 
anisms of iron who have postulated the presence of 
layers of energy-rich and unknown oxides of iron 
(7, 8). 

Vetter (9,10), Weil (2), and Gohr and Lange 
(11) also pictured the passive layer on iron as being 
duplex, with a Fe,O, layer next to the metal inter- 
face being overlayed by a second layer of y-Fe.QO,. 
Using this model Vetter (10) proposed that the 
Flade potential was, in fact, an irreversible poten- 
tial. He suggested that the reaction 


Fe + 4Fe.O, = 3Fe,O, 


[3] 


[4] 


occurs irreversibly and completely giving rise to a 
potential difference of 0.66 v in the resulting mag- 
netite layer. This is the difference between the theo- 
retical and experimental values which is otherwise 
difficult to explain. Vetter proposed that the de- 
struction of the duplex layer involved the slow dis- 
solution of the y-Fe.O, film. He considered that once 
the y-Fe.0O, was consumed it was succeeded by an 
extremely rapid dissolution of the magnetite layer 
during which the iron became spontaneously acti- 
vated. 

Past explanation of the Flade potential have all 
been based on Eq. [1] in which E, = 0.58 v. Re- 
cently, however, Uhlig and King (12) have shown 
that the values of the Flade potential in inhibitive 
solutions such as nitrite, chromate, tungstate, molyb- 
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date, and ferrate are constant in that they do not 
vary with time, but that the absolute values vary by 
up to 0.14 v with the passivating medium. Using 
these facts, Uhlig and King have reasoned that the 
Flade potential observed during passive potential de- 
cay is an equilibrium potential due to the reduction 
of chemisorbed oxygen atoms and molecules (0-O.) 
on the surface of iron or on a nonprotective oxide 
covering the iron surface. 


Critical Examination of Previous Models of Passive 
Films on Iron and Their Relation to the Flade Potential 

One of the most fundamental questions left unre- 
solved by previous considerations of the Flade po- 
tential is whether this is a thermodynamically re- 
versible or an irreversible potential. Direct experi- 
mental proof of either concept has so far not been 
obtained. Consequently, it appears that one pro- 
cedure based on existing knowledge involves ob- 
taining a suitable model for the reactions occurring 
during passive potential decay and from this deter- 
mining the magnitude of the local-cell currents in- 
volved in these reactions. The magnitude of these 
currents then may suggest whether or not the over- 
all reaction occurs at a potential close to the equi- 
librium value. The first part of this approach in- 
volves setting up the most reasonable model for the 
reactions involved during passive potential decay on 
iron. In order to achieve this a critical consideration 
of previous suggested models is in order. 

Previous models of duplex passivating films pro- 
posed by investigators of the Flade potential fall 
primarily into the following classes: 


(a) Fe/Fe,O,/y-Fe.O, (2, 9-11) 

(b) Fe/“FeO”/Fe.O, (3) 

(c) The model of Uhlig and King (12) involving 
chemisorbed oxygen atoms and molecules on the 
iron surface. 


Model (a) as stated by its supporters appears 
difficult to maintain for passive potential decay in 
acid electrolytes. Here it has been shown (13-15) 
that films of y or a Fe.O, formed on iron by exposure 
to air at different temperatures are destroyed rap- 
idly by reductive dissolution according to the equa- 
tions 


Fe = Fe" + 2e [5a] 
Fe.O, + 6H' + 2e = + 3H.0 [5b] 
Fe + Fe,O, + 6H’ = 3Fe + 3H.O [5] 


The rate of reaction [5] is very great so that up to 
800A of film may be destroyed in 1-2 sec in either 
IN HCl or 1N H,SO,. The reaction proceeds by fairly 
uniform inward thinning from the oxide-solution 
interface. Similar films, when detached from the 
iron, are virtually unattacked for prolonged periods 
by similar acid electrolytes. 

In examining model (a) it is first necessary to 
determine why the outer portion of the duplex film 
has apparently greater stability toward H.SO, solu- 
tions than y-Fe.O, films formed by exposure of iron 
to air. One possible reason might lie in a higher 
which might make reaction 
slower or in higher ionic resistance which 

make reaction [5a] slower. Either factor 


resistance 


electronic 
[5b] 
would 
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would tend to decrease the rate of over-all reductive 
dissolution of the film. 

However, it has been pointed out previously (16) 
that the passive films on iron are good electronic 
conductors and that they cover the surface of the 
metal completely. Therefore, enhanced electronic re- 
sistance cannot provide the reason for the greater 
stability of the thin (100A) passive films. Values of 
leakage current determined during anodic passiva- 
tion of iron in H,SO, (2) show that the initial ionic 
resistance of the passive films so formed is fairly 
high. However, if the passivating conditions are dis- 
turbed, the ionic resistance of thin oxide films on 
metals can be reduced very rapidly, even at 25°C, by 
n-type defects introduced into the oxide film by ex- 
change between O” in the oxide lattice and monova- 
lent anions such as OH’ (17) and by the introduction 
of H’ into the lattice. Therefore, it also appears that 
enhanced ionic resistance cannot account for the 
relative stability of the outer y-Fe.O, layer in H,SO, 
electrolytes. This greater stability is presumably the 
result of special properties or structural character- 
istics not described to date by the supporters of 
model (a). 

The suggestion that an inner layer of Fe,O, is pres- 
ent in the passive films formed anodically in H.SO, 
is also hard to reconcile with previous work on ther- 
mal films unless unusual properties are again 
ascribed to it. If the structure of the film was duplex 
as suggested by Lange (11) and Vetter (10), the ini- 
tial destruction of a conventional y-Fe.O, film by re- 
ductive dissolution would be fast in acid solution. 
Magnetite as formed in duplex thermal Fe,O,/Fe.O, 
films cannot easily be cathodically reduced by local- 
cell corrosion currents in acid solutions or by im- 
pressed cathodic currents of the order of 15 ya/cm* 
in neutral or slightly alkaline electrolytes (18). 
Therefore, the subsequent direct dissolution of mag- 
netite would be slower than the reductive dissolution 
of the outer y-Fe.O, layer. This is exactly opposite to 
the mechanism suggested by Vetter (11). Therefore, 
it appears that the applicability of model (a) to 
passive potential decay in H.SO, logically requires 
the postulation of radically different characteristics 
both for the y-Fe.O, and to the Fe,O, layers than are 
experienced in thermal films. 

Model (b) and Eq. [3] as put forward by Cart- 
ledge also lack experimental support. Certainly in 
solutions having pH values lower than 3.0 the re- 
action shown in Eq. [3] has not been observed ex- 
perimentally. A considerable volume of experi- 
mental evidence (15, 19) shows that reduction of 
thermal ferric oxide films proceeds completely to 
soluble ferrous ions rather than to “FeO” (normal or 
abnormal) whose existence, even in transient form, 
has never been detected during cathodic reduction 
of oxide films on iron. Recent precise and successive 
quantitative cathodic reduction of duplex Fe,O,/ 
Fe.O, thermal films on iron (18) at pH = 7.65 has 
revealed in turn a-Fe.O,, y-Fe.O,, and Fe,O, in that 
order but with no suggestion of any “FeO” com- 
pound either normal or abnormal. Again successful 
application of model (b) requires the description of 
the Fe.O, layer in markedly different terms to those 
normally attributed to thermal films. If it was at- 
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tempted to apply the Cartledge model to acid solu- 
tions, it would suffer the same additional disadvan- 
tage experienced above by model (a). 

The mechanism suggested by Uhlig and King (12) 
appears to be more consistent with previous knowl- 
edge of the reactions of iron oxide films than those 
outlined above. Doubtless, adsorbed oxygen is pres- 
ent on the surface of many passive films, and it 
would appear necessary to reduce this in some man- 
ner before further reactions involving the film could 
occur. The time factor for one seems to argue against 
this mechanism being primarily responsible for the 
Flade arrest. For instance, Evans (21) in his early 
work on anodic passivation showed that a layer of 
oxygen absorbed on the surface of an iron oxide film’ 
prevented its reductive dissolution but only for a 
fraction of a second. Therefore, it is evident that a 
certain period of immunity toward reductive dis- 
solution of the film may be obtained by virtue of 
oxygen supersaturation on its surface; supersatura- 
tion of this type could result from the formation of 
the oxide by the anodic discharge of oxygen or by 
the action of strong oxidizing agents. It is also 
equally clear that this short period of immunity 
against reductive dissolution observed earlier by 
Evans is not sufficient to account for the rather long 
periods of metastable passivity observed by many 
investigators. The model of Uhlig and King also fails 
to account for the slow appearances of ferric ions in 
sulfuric acid electrolytes during the early stages of 
passive potential decay (25). Further it implies that 
passivation processes in the inhibitors studied are 
invariably associated with the layer of adsorbed 
oxygen atoms and molecules (0-O.) which is gener- 
ally contrary to the existing direct experimental 
evidence. 


Proposed Model for Passive Layers on Iron 

It is believed that the subsequent model reconciles 
many of the difficulties outlined above and is more 
consistent with known experimental facts on the 
properties of thermal oxide films on iron. It postu- 
lates structural differences between thermal and pas- 
sive oxide films which can account for their different 
behavior in many electrolytes and for the Flade 
potential. The passive films on iron have been shown 
in many cases to consist largely of y-Fe.O, (4-6). 
Accordingly, it is most consistent with past experi- 
mental evidence to propose that the passive films 
are crystallographically single phase. These films 
may, of course, contain minor inclusions of hydrated 
oxide (5, 6) when formed in nearly neutral inhibi- 
tors, but these compounds in small amounts of less 
than a few per cent do not affect the arguments ad- 
vanced below. 

Whereas the gross crystallographic structure of 
passive films is held to be uniform, the defect con- 
centration of passive films having thicknesses of the 
order of 100A will be far from uniform and will re- 
sult in marked departure from stoichiometry. For 


! Oxygen dissolved in the bulk electrolyte cannot depolarize reac- 
tion [5b] at pH values less than 3.0 because the local cell corrosion 
currents are sufficiently high that O», depletion occurs at the cathode 
surface and because the reduction of dissolved molecular oxygen 
is a gas electrode reaction which suffers from high activation 
polarization. These effects offset the more favorable free energy 
considerations involved. 
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CONCENTRATION OF METAL EXCESS DEFECTS 


i 


| | 4 
25 50 


DISTANCE FROM OXIDE-METAL 
INTERFACE (A°) 


Fig. 1. Schematic representation of the concentration of 
metal excess defects in an oxide film on iron as a function of 
distance from the metal interface. 


instance Fig. 1 shows schematically the effect of a 
metal interface on the concentration of metal excess, 
n-type, defects in the oxide near to the oxide-metal 
interface. The investigations of Grunberg and 
Wright (20) on photosensitized electron emission 
strongly suggest that the excess metal concentration 
in this interfacial region is due to considerable num- 
bers of oxygen ion vacancies where electrons are 
trapped. Defect concentrations at the oxide-metal 
interface may presumably approach values of 10”- 
10"/cce. The strong effect of the oxide-metal inter- 
face largely disappears at a distance of around 50A. 
Thereafter, the film is capable of assuming a more 
conventional defect structure and concentration 
(10"-10"/cc) except at the outer interface between 
the oxide and the passivating medium. Here, if 
strongly oxidizing conditions exist, it is reasonable 
to propose that the surface layers of oxide contain 
excess Oxygen. By similar reasoning to that above 
this is probably due to metal ion deficiency resulting 
in a p-type structure although the existence of inter- 
stitial excess oxygen cannot be ruled out. 

The concentration of excess oxygen ions plus 
bound positive holes in the outer portion of the film 
usually should distinguish passive from thermal 
films. In the former case films are produced at low 
temperatures when cation diffusion is relatively 
slow and also under conditions where the concentra- 
tion of oxidant is high. Such conditions seldom apply 
to thermal films since appreciable thickening must 
be the result of raising temperature in which case 
cation diffusion is speeded. The chance of producing 
a high concentration of excess oxygen plus bound 
positive holes in the outer portion of a thermal film 
is thus greatly reduced. Here, therefore, it appears 
possible to use the new model to account for logical 
differences in defect structure between air-formed 
and passive films as will be shown below. This can 
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in turn relate to differences in behavior on immer- 
sion in certain electrolytes. 

The resulting model of a p-n semiconductor has 
many aspects in common with the duplex oxides 
postulated by Cartledge and Vetter. However, it does 
not involve gross crystallographic changes through- 
out the oxide and provides a means of eliminating 
many of the difficulties encountered with the other 
models. 

Application to the Flade Potential 

Using this model it is first necessary to explain 
why such a single phase film of p-n y-Fe.O, will 
resist rapid reductive dissolution when exposed to 
electrolytes more acid than pH 3.0. The explanation 
should rely logically on factors other than an ad- 
sorbed layer of oxygen to retard reductive dissolu- 
tion of the film. 

The most probable means by which reductive dis- 
solution of y-Fe,O, could be prevented involves the 
excess oxygen contained in the outer p-type portion 
of the passive film. This excess oxygen which con- 
sists of oxygen ions plus bound positive holes could be 
reduced by the following electrochemical reaction: 


oO” : + 2H’ + 2e = H,O [6] 
crystal bound 
lattice positive 
holes 


with the electrons being supplied by the anodic 
passage of ferrous ions through the film. 

By employing the new model outlined above in 
conjunction with reaction [6] a ready distinction is 
obtained between the electrochemical characteristics 
of passive and thermal oxide films on iron based on 
the concentration of excess oxygen ions plus bound 
positive holes in the outer layers. It has been sug- 
gested above that passive films on iron contain a 
much higher concentration of excess oxygen than 
thermal films due to their formation at lower tem- 
perature often under strongly oxidizing conditions. 
Consequently, the higher concentration of excess 
oxygen may confer substantial periods of immunity 
against reductive dissolution (Eq. [5]) which would 
not be experienced with thermal films of similar 
crystallographic structure. 

An equilibrium potential may be written for re- 
action [6] as follows 


+ 

where (O”) and ((=]) are the activities of excess 


oxygen ions and bound positive holes, respectively, 
in the outer p-type layer. Reaction [6] is considered 
to be potential determining during the thinning of 
the outer p-type y-Fe.O,. Therefore, the relationship 
between the equilibrium potential of reaction [6] 
and the Flade potential may now be considered with 
a view to determining how closely the two will ap- 
proach. 

It is known from past work on the reductive dis- 
solution of oxide and sulfide films on iron (13), 


E = E, + 
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copper (19), and silver (22) that cathodic removal 
of oxygen and sulfur from the oxide and sulfide 
lattices is accompanied by a high degree of polariza- 
tion. However, calculation of local-cell currents dur- 
ing reductive dissolution of thermal oxide films on 
iron in 1N H.SO, shows that these are of the order 
of 50 ma/cm’*. Currents of the order of 0.5 to 1.0 
ma/cm* often have been employed for the quantita- 
tive cathodic reduction of oxide films on iron and 
copper in neutral electrolytes. Severe cathodic polar- 
ization of the reductive dissolution at these high 
current densities normally would be anticipated. 
However, Price (23) has pointed out that as the ap- 
plied current density is reduced the reduction po- 
tential will approach the calculated equilibrium 
value asymptomatically. 

Typical values of local-cell current flow may be 
calculated for reaction [6]. Assuming the outer 
p-type layer of y-Fe.O, is 50A thick, that it contains 
an average of 0.1 at. “% of excess oxygen, and that it 
is subjected to a combination of reduction (Eq. [6]) 
and dissolution as described later for 100 sec, local 
cell currents of the order of only 0.2 na/cm* are re- 
quired to reduce the excess oxygen by reaction [6]. 
The extremely small current flow involved when 
combined with Price’s observation (23) strongly 
suggests that the degree of polarization of reaction 
[6] should be very small. Consequently, the Flade 
potential and the equilibrium potential for reaction 
[6] may be regarded as being identical to the first 
approximation. Of course, the Flade potential must 
always be somewhat less noble than the E value in 
Eq. [7] and the difference between the two will be 
related to the film structure and the length of the 
Flade arrest. Based on the calculations above, the 
differences appear to be very small so that the Flade 
potential will be regarded through the rest of the 
paper as approximately representing the equilibrium 
potential of reaction [6]. 

The success of the new model, therefore, depends 
to a considerable degree on the accuracy with which 
it represents experimental observations on the Flade 
potential and the behavior of oxides of iron exposed 
to aqueous solutions. If Eq. [7] is compared with Eq. 
[1] it may be deduced that 


tog 81 


Using this model it becomes erroneous to treat E, as 
a standard state thermodynamic potential because it 
is uncorrected for the activities of the components of 
the excess oxygen. Equation [8] also implies that re- 
producible values of the Flade potential will be ob- 
tained only if the method of formation of the oxide 
film is such that a relatively reproducible defect 
structure is formed in the outer layers. The consider- 
able variation in E, found by Uhlig and King (12) 
when passive films were formed in different in- 
hibitors can be ascribed logically to variations in the 
defect structure of the outer layers of passivating 
oxides formed under different conditions. 

The potential determining step outlined in Eq. [6] 
fits well with previous work concerning the mech- 
anism of direct dissolution of bulk ferric oxide (24). 
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Here it was found that direct solution of a-Fe,O, oc- 
curred rapidly only at surface defects associated 
with oxygen vacancies. Once these had been “leached 
out” further attack on more perfect portions of the 
oxide was very slow. It is reasonable, therefore, to 
picture a slow reduction of excess oxygen at a sur- 
face layer resulting in conditions where apparent 
stoichiometry is approached by the production of 
surface layers which contain missing ferric and oxy- 
gen ions in approximately equal proportion. By ana- 
logy with previous mechanism of direct solution of 
ferric oxide (24) the disruption of the electric field 
within the oxide lattice accompanying removal of 
oxygen ions should permit the more rapid removal of 
remaining oxygen ions by combination with hydro- 
gen ions adsorbed from solution. The latter is a direct 
dissolution process with iron entering solution in the 
ferric condition rather than a reduction process. 
Some iron should enter solution in the ferrous condi- 
tion since the electrons in reaction [6] presumably 
are supplied by the anodic formation of ferrous ions. 
Calculation of the amount of ferrous ions so pro- 
duced, using the assumptions put forward previously 
for calculation of local cell currents required for 
reduction of excess oxygen, indicates that this is 
only of the order of 5 x 10° g Fe**/cm’. This accords 
well with the recent observations of Weil (25) who 
demonstrated that iron found in solution during the 
initial stage of the potential decay in 1.0N H.SO, de- 
cay was in the ferric condition with any ferrous ions 
being below the limit of detection of the ferricyanide 
test. 

The sequence of reduction followed by direct so- 
lution of the defective surface layer outlined above 
may occur until such a time as the depolarizing in- 
fluence of excess oxygen in the p-type surface layer 
is exhausted. When the p-type oxide has been re- 
moved as outlined above, the reaction proceeds on 
the n-type metal-excess oxide which can be de- 
stroyed almost instantaneously in acid solutions by 
reductive dissolution as shown in Eggs. [5a & b]. 
Here the product of both the anodic and cathodic 
reactions is ferrous ion as has also been observed by 
Weil (25). Since it has been pointed out previously 
that local-cell corrosion currents involved during 
the rapid reductive dissolution of n-type y-Fe.O, 
films to soluble ferrous ions are of the order of sev- 
eral milliamperes per square centimeter, reaction 
[5b] is highly polarized. Therefore, on exposure of 
the n-type y-Fe.O, and on initiating reaction [5b] 
an immediate and substantial shift in potential in 
the active direction must be observed. This, of 
course, coincides with the end of the Flade plateau. 

The pH dependency of reaction [6] is clearly con- 
sistent with the Flade potential. Furthermore, the 
over-all reaction is consistent with past work on the 
direct and reductive dissolution of iron oxides. How- 
ever, the value of E, = 0.58 v for the Flade poten- 
tial, with or without the deviations observed by Uh- 
lig and King (12), is still a problem which defies 
precise solution. If the above model is accepted, it is 
clearly meaningless to attempt to calculate E, in 
terms of free energies of formation of bulk oxides. 
This is because no reliable estimates of free energy 


SIGNIFICANCE OF THE FLADE POTENTIAL 561 


of formation of energy rich, highly defective oxide 
films have been developed, and because E, cannot 
be corrected to the standard state without a knowl- 
edge of the activity of excess oxygen in the outer 
p-type layer. However, the latter problem is one 
that can be investigated experimentally using semi- 
conductor techniques. If the activity of the excess 
oxygen ions in the outer layers was known, it would 
then be possible to calculate the E, value for Eq. [8]. 
Subsequent calculation from this value and from the 
free energy for the reduction of molecular oxygen 
would give the standard state free energy for the 
reaction 


%O,7> O” AF = 110 kcal [9] 
bound 

positive 

hole 


crystal 
lattice 


i.e., the partial ionization of gaseous oxygen into a 
different dielectric and would throw light on the 
bond energy between the excess oxygen ions and the 
bound positive holes. This in turn would assist the 
understanding of the structure of defect and energy 
rich surface oxides on iron. 

The mechanism outlined above proposes that the 
Flade potential should be observed only if an oxygen 
excess p-type layer of y-Fe.O, is formed during pas- 
sivation. Formation of films of y-Fe.O, less than 
around 50A thick would appear to preclude the pos- 
sibility of this type of outer layer defect structure. 
It is, therefore, of interest to note that thin films 
formed by very short time anodic passivation of iron 
in H,SO, appear to be destroyed almost instantane- 
ously once the passivating current is switched off. No 
evidence of a Flade arrest is found in this case and 
it is probable that the film is destroyed by reductive 
dissolution in a similar manner to thermal oxide 
films. 

Whether the same sequence of passive film break- 
down can occur in p-n y Fe.O, films at pH values 
higher than 3.0 is less certain. It is known that the 
inner n-type oxide could not undergo reductive dis- 
solution due only to the flow of local-cell corrosion 
currents (13). Instead it is probable that the ionic 
resistance of the n-type inner layer is reduced pro- 
gressively by hydroxyl ion exchange which will be 
more rapid at the higher pH values. 

However, there appears no reason why the reduc- 
tion and dissolution of the outer p-type layer of 
oxide, which is believed to give rise to the Flade 
potential, should not proceed by the same mechanism 
as that outlined above. At the same time it must be 
borne in mind that the higher electrolyte pH mag- 
nifies the importance of exchange between oxygen 
ions in the oxide and hydroxyl] ions from solution. 
This exchange will be accompanied by a decrease in 
ionic resistance since each exchange creates an 
n-type defect. A decrease in ionic resistance due to 
this reaction will be accompanied by a shift in poten- 
tial in the active direction similar to that which ac- 
companies activation of the iron in acid electrolytes 
by reductive dissolution of the n-type inner layer. 
These two processes, therefore, have a similar total 
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effect, differing only in rate. On occasion, however, 
the exchange reaction could presumably occur before 
the outer p-type oxide was completely removed by 
reaction [6] and the accompanying dissolution re- 
action. In this case, the decrease in ionic resistance 
accompanying the exchange reaction may well mask 
the Flade potential. Therefore, it is of interest to note 
that well-defined Flade arrests do not always occur 
at the higher pH values (26). Instead, there is some- 
times a range of erratic potentials spreading over as 
much as 400 mv. From these, it is impossible to 
typify a well-defined Flade potential. 

Rapidly fluctuating potentials such as these are 
characteristic of the nonuniform reduction of ionic 
resistance and accompanying increase in local-cell 
currents such as would accompany oxygen-hydroxy] 
ion exchange. Potential-time curves of this type are, 
therefore, believed to be characteristic of the ex- 
change reaction masking the true effect of the Flade 
potential. 
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Potential Studies on Passivity to Corrosion Induced by 
Pretreatment Processes 


Il. Comparative Study of Chromate Treatment and Chromate Inhibition 
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ABSTRACT 


The mechanism of passivation of zinc by chromate treatment is compared 
with that of chromate inhibitor in this paper. The part played by soluble chro- 
mate in enhancing passivation by chromate treatment is elucidated in terms of 
the kinetic approach made in a previous paper. 


It was shown earlier (1) that potential and polar- 
ization studies are very helpful in elucidating the 
mechanism of passivation of aluminum by chemi- 
cal oxidation processes. The present paper attempts 
to throw more light on the mechanism of inhibition 
of corrosion of zinc by chromate treatment as well 
as chromate inhibitor. 


Experimental 
Commercially pure zinc (1/16 in. thick) was cut 
into 1 x 1 in. and 3 x 2 in. specimens. The metal 


specimens were abraded with 120 emery until a 
uniform finish was obtained, degreased with me- 
thanol, hot benzene, and hot acetone, and subjected 
to chromate treatment, where necessary, in Cronak 
(2) composition (200 g of potassium dichromate + 
6 cc of H.SO,/l) at room temperature for 30 sec. 
Specimens were rinsed in cold water and dried by 
cold compressed air after treatment. 

Sodium chloride solutions of various concentra- 
tions were used. The chloride solutions were air- 
saturated by bubbling air through solution for 15 
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Table |. Initial and steady potentials* of chromate-treated 
and untreated zinc in sodium chloride solutions 


Initial Steady 
poten- Form of poten- 
Condition Conc. of __tial¢ vs. potential tial’ vs. 
of metal NaCl, % SCE time curve SCE 
Untreated 0.001 —0.94 Becomes 50 mv —0.94 
more negative 
and recovers 
to initial po- 
tential after 2 
weeks 
Untreated 1.0 —1.02 Same as above —1.01 
Chromate- 0.001 —1.05 Rises slowly —0.95 
treated over 2 weeks 
to a potential 
100 mv more 
positive 
Chromate- 1.0 —1.03 Rises slowly —0.99 


treated over 2 weeks 


to a potential 
40 mv more 
positive 


* Mean of duplicate determinations which did not differ from 
each other by more than +20 mv. *—measured after 5 min; *— 
measured after 2 weeks. 


min before each test and were exposed to air after- 
ward. All inhibition experiments were done using 
500 ppm sodium chromate in the solutions. 

Methods.—These have been described (1). All 
experiments were carried out at 35°C. The potential 
values are given the negative sign according to the 
European convention (3). The potential decreases 
in anodic polarization curves and increases in 
cathodic polarization curves. 

The 3 x 2-in. specimens were suspended in tripli- 
cate in 1 liter of solution contained in a tall form 
beaker such that the upper edge of the specimen was 
3 in. below liquid level. At the end of test period, the 
specimens were taken out, cleaned in 20% sulfate- 
free chromic acid at 80°C (8), and reweighed. 
Weight of film was deducted from the initial weight 
for calculation of the loss in weight due to corrosion 
in the case of treated metal. The mean of the tripli- 
cate determinations made in each solution did not 
differ from the individual values by more than 20%. 
Mean values are given in Table II. 


Results 


Potential-time studies.—Initial and steady poten- 
tials of untreated and chromate-treated zinc in 
0.001% and 1% NaCl solutions and the forms of 
the potential-time curves are shown in Table I. It is 
seen from Table I that the potential of untreated 
zine varies little with time and that its potential in 
0.001% NaCl is 70 mv more positive. Nearly the 
same potential as that of untreated metal is re- 
corded by chromate-treated zinc after it is allowed 
to reach a steady value. The potential obtained 
immediately after immersion is, however, about 
100 mv more negative in 0.001% NaCl solution. As 
compared to these, rapid changes are observed in 
the potential of untreated metal in the presence of 
chromate inhibitor (see Fig. 1). At the lowest 
chloride concentration, viz., 0.001 NaCl, the initial 
potential becomes immediately more positive by 


STUDIES ON PASSIVITY TO CORROSION 


+ POTENTIAL IN VOLTS AT 35C 
a 


-05 
—o 
—® 
- | i i i 
+ 8 12 6 20 24 


TIME IN DAYS — 


Fig. 1. Potential-time curves of untreated zinc in NaCl 
solutions containing 500 ppm chromate. ® in 0.001% NaCl; 
O in 0.01% NaCl; A in 0.1% NaCl; @ in 1% NaCl. Poten- 
tials were measured against saturated calomel electrode. 


nearly 200 mv, and this increases in the next few 
days to a value of 500 mv more positive. The en- 
nobling effect is observed again in 0.01% NaCl but 
to a lesser extent. In the case of 0.1% NaCl, the 
initial potential is slightly more positive to start 
with, but there is hardly any change with time. In 
1% NaCl solution, the behavior of untreated zinc is 
reproduced. 

Polarization studies.—Potential-current density 
curves obtained with untreated and chromate- 
treated zinc, a few hours after immersion, in solu- 
tions containing different concentrations of chloride 
ions are shown in Fig. 2 and 3. Figure 4 gives poten- 
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Fig. 2. Potential-current density curves of untreated zinc in 
NaCl Solutions. [) In 0.001% NaCl; A in 0.1% NaCl; O in 
1% NaCl. 
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Fig. 3. Potential-current density curves of chromate-treated 
zinc in NaCl solutions. ® In 0.001% NaCl; A in 0.0! % 
NaCl; ® in 1% NaCl. 
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Fig. 4. Potential-current density curves of untreated zinc in 
NaC! solutions containing 500 ppm of chromate. 8 In 
0.001% NaCl; A in 0.1% NaCl; O in 1% NoCl 
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Fig. 5. Potential-current density curves of chromate-treated 
zinc. ®@ After immersion for a week in 0.001% NaCl; in 
0.001% NaC! + 500 ppm chromate immediately after im- 
mersion. Potentials were measured against saturated calomel 
electrode. Current densities are given in ua/in.*. 


tial current density curves for untreated zinc in 
chloride solutions to which chromate has also been 
added. A common initial potential has been taken 
where the potentials do not differ from each other 
considerably to avoid overlapping of the curves and 
to compare the slopes. 

The points given in the curves, therefore, indicate 
only the observed shifts. It is seen from Fig. 2 that 
at the highest concentration of chloride, i.e., 1% 
and 0.1%, there is practically no polarization of 
untreated metal. Slight polarization is observed in 
0.001% NaCl solutions. The initial potential is 
itself changed considerably (c.f. Fig. 1) in 0.001% 
solution containing inhibitor, and the metal shows 
considerable cathodic as well as anodic polarization 
with externally applied current. Chromate-treated 
metal shows slight polarization in 1% solution. This 
increases considerably as the concentration falls to 
0.01%. This is further increased at 0.001% concen- 
tration when the metal is polarized both anodically 
and cathodically to a much greater extent than 
untreated metal. Slopes of the polarization curves 
suggest that cathodic polarization is somewhat 
greater than anodic polarization at all concentra- 
tions. 
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Table Il. Rate of corrosion of treated and untreated zinc in NoCl 
solutions in the presence and absence of chromate 


Loss in weight in 
mg/dm? (16 in.*) 


Whether of metal at the end of: 
untreated 
Solution or treated 2 days 4days 11 days 
1% NaCl Untreated 58 86 183 
1% NaCl Treated 22 39 34 
1% NaCl + CrO, Untreated 49 60 57 
1% NaCl + CrO, Treated 16 36 35 
0.1% NaCl Untreated 35 — 109 
0.1% NaCl Treated 6 8 11 
0.1% NaCl + CrO, Untreated 10 31 26 
0.1% NaCl + CrO, Treated Neg.* 4 17 
0.01% NaCl Untreated 28 56 126 
0.01% NaCl Treated Neg. 3 7 
0.01% NaCl + CrO, Untreated 4 2 6 
0.01% NaCl + CrO, Treated Neg. Neg. 4 
0.001% NaCl Untreated 31 56 154 
0.001% NaCl Treated Neg. Neg. 5 
0.001% NaCl + CrO, Untreated Neg. 2 4 
0.001% NaCl + CrO, Treated Neg. Neg. Neg. 


* Below 0.5 mg 


Figure 5 compares the potential-current density 
curves obtained with treated metal after immersion 
in 0.001% NaCl solution for a week with that given 
by treated metal immersed in solution containing 
chromate in addition to chloride immediately after 
immersion. The close resemblance in the shapes of 
the two curves may be noted. 

Corrosion tests.—Losses in weight of untreated 
and chromate-treated zinc in the various solutions 
considered are given in Table II. It is seen from 
Table II that, at all concentrations, chromate treat- 
ment gives better protection than inhibitor and the 
corrosion rate falls to a negligible value in 0.01% 
and 0.001% solutions. It is also seen that even at 
1% concentration of NaCl, corrosion rates of both 
treated metal and untreated metal in the presence 
of inhibitor fall with time. The combined effect of 
inhibitor and chromate-treatment is greater than 
that of either. 

From the loss in weight data given in Table II, 
the current flowing through the local cells was 
calculated. The calculation shows that at the highest 
chloride concentration of 1% this current is of the 
order of 10 ywa/in.* in the case of chromate-treated 
metal and 30 ywa/in.* for untreated metal. In the 
other solutions, it is much less. Polarization studies 
thus have been carried out at similar and greater 
current densities. 

Discussion 

A comparison of Fig. 1 and Table I shows that, 
while the presence of chromate inhibitor in solution 
is accompanied by considerable shifts in potential 
in the nobler (positive) direction, no such shift in 
potential is observed in the case of chromate- 
treated metal. On the other hand, the initial poten- 
tial of chromate-treated zinc is slightly more nega- 
tive than that of untreated metal. But it is seen 
from Table II that, in both cases, the corrosion rate 
becomes almost negligible in chloride solutions of 
low concentration, i.e., 0.01% and 0.001%. The ir- 
reversible character of these potentials thus is 
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brought out. An understanding of such potentials 
has, however, been facilitated by the mechanism of 
inhibition put forward by Mears (4) based on local 
cell theory of corrosion and Evans’ diagram. Ac- 
cording to Mears, corrosion inhibition will be 
accompanied by shifts of the over-all electrode 
potentials such as those measured here in the 
nobler (positive) direction when the polarization 
of the local anodes alone is increased, in the nega- 
tive direction if only cathodic polarization is in- 
creased, and no shift in potential will take place 
when the polarization of both anodes and cathodes 
is increased. That this approach is very helpful is 
readily seen in the case of chromate treatment 
where the treated metal shows more cathodic as 
well as anodic polarization. When we come to 
polarization curves in the presence of chromate 
inhibitor, however, we find that there is marked 
cathodic polarization and the anodic polarization is 
not very significant unless we take into account the 
initial shifts also. Mears’ mechanism does not, 
therefore, lend itself to an explanation of the 
changes in potentials with time, as has been pointed 
out (1). The other drawbacks of this approach, viz., 
the need for reproducing the local cell by indirect 
methods which themselves are suspect and the lack 
of quantitative relationship between changes taking 
place on the metal surface and potential, were also 
referred to earlier (1). It was also shown that the 
behavior of aluminum subjected to a wide variety of 
passivation treatments could be explained satis- 
factorily if a kinetic approach based on the theory 
of rate processes is made. This approach was shown 
to result in an equation which enabled changes in 
potentials being interpreted in terms of log ratio of 
the anodic and cathodic areas on the metal surface 
under identical experimental conditions (5,1). A 
similar equation has also been derived by other 
workers (6,7). It will be shown presently that this 
approach is equally helpful in explaining the be- 
havior of zinc and that it also enables us to get an 
intimate knowledge of the mechanism by which 
chromate ions inhibit corrosion in the present case, 
information which may be of use in other cases of 
chromate inhibition as well. 

No appreciable shift in potential following chro- 
mate treatment is explained on this basis as arising 
from a reduction in the anodic as well as cathodic 
areas. Polarization data given in Fig. 2 confirms 
this conclusion. A much lower anodic and cathodic 
polarization observed at higher chloride concentra- 
tion shows that, due to the penetrating effect of 
chloride ions, both anodic and cathodic areas are 
increased. This is also reflected in the increased 
corrosion rate. No appreciable change in potential 
with time is expected in the case of treated zinc, as 
both anodic and cathodic areas are increased by the 
chloride ions. This is what is observed (see Table I). 
Similarly, no change in potential is expected with 
time in the case of untreated zinc as it does not 
form a protective oxide film (cf. aluminum). 
Coming to untreated zinc in solution containing 
chloride and chromate, the smaller rise in potential 
with increase in chloride concentration is to be 
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attributed either to the breakdown of the film 
covering the anodic area, if a film is formed, or due 
to the greater solubility of insoluble zinc chromate 
formed at the anodic areas in the higher chloride 
concentrations. The first rapid rise in potential im- 
mediately after immersion in 0.001% NaCl is fol- 
lowed by a slow rise for several days. It is likely 
that in the presence of the inhibitor the following 
reactions take place at the anodes and cathodes 
which result in the diminution of both the anodic 
and cathodic areas. 


3Zn + 3CrO, > 3ZnCrO, (insoluble) +6e [1] 
6e + 2CrO, + 5H.O> Cr.0,+10(OH) [2] 


Thus, the chromate ion may be expected to act like 
oxygen both as a depolarizer at the cathode and as 
a suppressor of the anodic reaction. According to 
the above mechanism, the first rapid rise in poten- 
tial indicates the preponderating coverage of the 
anodic areas by the reaction of adsorbed chromate 
ions at the anodic points, and the later slow rise is 
to be attributed to the coverage of the cathodic 
areas also according to Eq. [2]. Potential-current 
density data for untreated zinc in 0.001% NaCl 
solution containing chromate confirms this view. 
Considerable anodic polarization is indicated by the 
rapid rise in potential in the presence of chromate 
even without application of current. But increase in 
cathodic polarization is also observed indicating 
that, in the presence of the chromate ion, the cath- 
odic areas also are affected. It may be seen from 
Table II that, in 1% NaCl, corrosion of the metal is 
suppressed to some extent in the presence of the 
inhibitor when the test is prolonged to 11 days. The 
potentials of the two systems, however, remain 
nearly the same (cf. Table I and Fig. 3). This is 
also to be attributed to partial coverage of both 
anodic and cathodic areas by the formation of in- 
soluble reaction products. Figure 5 compares the 
potential-current density curves obtained with 
treated metal after immersion in 0.001% solution 
for a week with that given by treated metal im- 
mediately after immersion in solution containing 
500 ppm of sodium chromate in addition to chloride. 
A close resemblance in the shape of the two curves 
is observed. This similarity arises from the fact that 
the two systems are nearly identical since the former 
system also contains hexavalent chromium ions in 
soiution at the end of one week due to its getting 
leached out from the film. Since, as already pointed 
out, the treatment predominantly diminishes cath- 
odic areas and addition of chromate predominantly 
diminishes anodic areas, increased anodic and cath- 
odic polarization is observed in the above two 
systems. It may, therefore, be expected that under 
these conditions, the corrosion rate will also be 
further reduced. Corrosion resistance data given in 
Table II confirms this view. 


Conclusions 
According to the local cell theory of corrosion and 
the equation derived earlier (1), inhibition of cor- 
rosion will be most satisfactory when both anodic 
and cathodic areas are diminished. This condition is 
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obtained satisfactorily when zine is chromate- 
treated and immersed in an aqueous solution con- 


taining hexavalent chromium. 
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Anodic Behavior of Aluminum at Low Potentials 


J. V. Petrocelli 


Research Laboratory, The International Nickel Company, Inc., Bayonne, New Jersey 


ABSTRACT 


Electrode potentials, differential capacities, and anodic polarization curves 
have been determined for aluminum in sulfuric acid solutions. It is shown that 
the anodic behavior in the region of low potentials (—1.0 v to +3.0 v, S.C.E. 


scale) follows the relationship i = 


a exp [SF]. Differential capacity measure- 


ments show that the capacitance is inversely proportional to the potential. The 
analysis of the experimental data indicates the existence of a very thin film 
on the aluminum in this low potential region. It is suggested that the passive 
behavior of aluminum is due to the presence of a thin, compact, and continuous 
“oxide like” film on its surface. This film is formed and/or modified by the 
electrochemical action which takes place between the aluminum and the 


electrolyte. 


The role played by films, especially oxide films, on 
metal surfaces in electrode processes is of increasing 
technical and scientific interest. The greatest ad- 
vances have perhaps been made in the study of the 
oxidation of metals in air. The foundation of these 
advances was the idea introduced by Wagner (1) 
that metal ions and electrons diffuse through the 
oxide layer and react with the oxygen at the oxide- 
gas interface. 

Verwey, Mott, and others (2-7) have extended 
the theories of dry oxidation to the formation of 
anodic films by electrolytic action. The rate of both 
types of processes are supposed to depend on the ki- 
netics of the movement of ions, usually metallic 
ions, into and through the film under the influence of 
an electrostatic field. Experimental work and theo- 
retical developments have been concerned primarily 
with the so called “valve” metals such as tantalum, 
aluminum, hafnium, niobium, titanium, vanadium, 
and zirconium. Most of these studies have dealt with 
the formation of relatively thick oxide films, circa 
2000A or more, formed at 100-600 v (8-16). The 
work of Guntherschulze and Betz (17) contains an 
excellent compilation of results up to 1936. Johansen, 
et al. (18) give a comprehensive bibliography for the 
more recent work on anodization. 

Although under certain conditions of formation 
some thick anodic coatings may be porous, there are 
strong indications that many of them are relatively 
compact and nonporous and that even the thicker 
porous coatings have a compact, nonporous “barrier” 


layer film underneath which may be from 10A to 
200A thick (15, 19, 20). 

It has been suggested that the above “valve” met- 
als as well as chromium, nickel, and iron, which ex- 
hibit passive behavior at relatively low voltages, 
have a compact, nonporous film on their surface 
under conditions usually encountered in corrosion 
and finishing (21-23, 24). These metals exhibit pas- 
sive behavior in that they do not react or react ex- 
tremely slowly with aqueous solutions despite the 
extremely favorable thermodynamic conditions. Al- 
though there are several schools of thought as to the 
nature of these films which exist on passive metals 
(25), it is very likely that they are similar, if not 
identical, to the barrier layer type which form dur- 
ing anodization of the metal in question (10, 11, 27). 

In some cases the film is formed in air, hence pre- 
exists prior to exposure to the aqueous medium. For 
other cases the entire film forms after immersion in 
the electrolyte. In either case the final thickness of 
the film will be governed by the electrochemical ac- 
tion which occurs in the electrolyte. On open cir- 
cuit, without external polarization, film growth is 
promoted by an electrostatic field set up across the 
film by the local electrochemical action. The anodic 
reaction consists of the migration and diffusion of 
ions (the metallic ions in many cases) through the 
film while the cathodic reaction involves the reduc- 
tion of oxygen, hydrogen, or other reducible sub- 
stance present in the solution. The kinetics and 
mechanism are very similar to that which occurs 
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during anodization by application of an external 
current. 

It is the object of this work to determine the pres- 
ence of such a film on Al on open circuit and in the 
low voltage region, —1.0 to +2.0 v. Previous work 
on the behavior of Al with oxidation-reduction sys- 
tems strongly suggested the presence of such a film 
on this metal (21). 

Some investigators have explored this low voltage 
region for some of the film forming metals. Vermil- 
yea (26) has shown that it is possible to form a film 
on Ta even when its electrode potential is negative 
to the hydrogen electrode in dilute solutions of HNO, 
and NaOH. Young (10) studied the anodization of 
Nb in the 0.0 to 10 v range in Na.SO, and H.SO,. He 
found that in this voltage region films ranging from 
about 20A to a few thousand angstroms thick formed 
on the metal. Johansen, et al. (18) studied anodic 
film formation on Ta, Al, Ti, Hf, V, Nb, and Cr in 
boric acid-ammonia solutions in the potential region 
below oxygen evolution. Except for Cr and V they 
found that films did form and determined some of 
the electrolytic parameters involved. 


Experimental Technique 

Differential capacity measurements, strictly speak- 
ing impedance measurements, were adopted in this 
work for detecting and studying the film on Al. 
Measurements of the capacity of electrodes covered 
by anodic oxide films have been used successfully for 
obtaining an estimate of film thickness (10, 13, 17). 
The oxide film functions as the dielectric of a paral- 
lel plate condenser of which the basis metal and the 
solution form the plates. It is likely that this model 
is oversimplified and Young (10) has treated some 
of the possible complicating factors which may be 
involved. 

It is well known, however, that the capacity of 
clean metallic surfaces in electrolytes varies with the 
electrode potential in such a manner that the mini- 
mum capacitance is about 16 »wF/cm* and that this 
value is that characteristic of the double layer (28, 
29). It is reasonable to assume that the presence of 
a thin film on the surface will yield lower capacity 
values and that the capacity should decrease as the 
film thickens. The results obtained do in fact 
strongly indicate that the capacity values measured 
at high frequencies are very close to, if not identical 
with, the capacity of a barrier layer film. 

The apparatus was practically identical to that 
used by Grahame (29) and Robertson (30). A mer- 
cury-mercurous sulfate half-cell was used as a ref- 
erence electrode, and a glass tube filled with the 
solution being studied served as a salt bridge. One 
end of this tube was drawn down to a fine capillary 
which was pressed close to the back of the Al elec- 
trode. An H-type electrolysis cell with two separate 
compartments was used. One compartment contained 
the Al electrode, the capillary tipped tube, and a 
large (75 cm*) platinized Pt electrode which func- 
tioned as an auxiliary electrode for the a-c measure- 
ments. The other portion of the cell contained a Pt 
electrode which served as a cathode in the d-c cir- 
cuit. 

All experiments were performed at constant tem- 
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perature of 25.0°C. Although no appreciable differ- 
ence was observed between results obtained in air- 
free solutions and air-saturated solutions, purified 
nitrogen was used in most of the experiments. The 
data presented were obtained with stationary elec- 
trodes and unstirred solutions. 

The values of the electrode potentials, E, are given 
with reference to the saturated calomel electrode, 
increments in the electrode potential, AV, are re- 
ferred to the open-circuit potential of Al in any 
given experiment. 

Pure Al (99.99) sheet, 0.25 mm thick was used, 
and all solutions were made up from redistilled 
water and reagent grade sulfuric acid. 

Generally the experimental procedure was as fol- 
lows: The sheet aluminum was thoroughly cleaned 
and then polished with No. 0000 metallographic 
paper. It was then cleaned in hot acetone and thor- 
oughly rinsed in distilled water, alcohol, and dried. 
All but a defined rectangular area, 0.10 cm* to 1.0 
cm’, was coated with an inert resin. The electrodes 
were then stored in a desiccator for one or two days 
prior to use. 

Polarization experiments were conducted by mak- 
ing the Al the anode of a d-c circuit and impressing 
a predetermined current density. Unless noted 
otherwise, each potential reported is a steady-state 
value. The a-c impedance bridge could be connected 
to the Al and the platinized Pt auxiliary electrode at 
any time for the measurement of the a-c impedance. 
The impressed a-c voltage never exceeded 10 mv and 
was usually less. 

The a-c impedance was measured on the bridge 
as a capacitance ,C,, in series with a resistance, R,. 
The impedance at the metal-solution interface is 
probably best represented by a capacitance in paral- 
lel with the film resistance (14). Therefore the val- 
ues C, and R, obtained on the bridge were converted 
to the corresponding values C, and R, as shown in 
Fig. 1 where R, is the resistance of the electrolyte. 
This choice does not effect the results reported be- 
cause C, and C, are identical at the higher fre- 
quencies used in this work (10-15 ke). 

The resistance due to the electrolyte was obtained 
by extrapolating R, to infinite frequency. The values 
so obtained were checked in the following manner: 
a small platinized Pt electrode having the same 
shape, size, and exposed area as the Al was substi- 
tuted for the Al electrode and the conductivity of the 
system measured with the a-c bridge in the conven- 
tional manner. The resulting values compared very 
well with those obtained above. The electrolyte re- 
sistance is designated by R,. 

Many exploratory experiments showed that 
neither the electrode potential nor the capacitance 
was appreciably sensitive to the exact position of the 
capillary tip and/or the auxiliary Pt electrode. Sev- 
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Fig. 3. Change of electrode potential with time at a given 
anodic current density in 3.0N H.SO, 


eral experiments were performed without the use of 
an insulating resin in order to determine if this resin 
had an effect on the capacitance values. No signifi- 
cant effect was ever found. 


Experimental Results 

The potential of Al on immediate immersion was 
about —0.2 v and changed to more anodic values 
with time, becoming fairly steady in about 1 hr. The 
steady-state value was about —0.9 v in all solutions. 
While any given specimen maintained a steady-state 
potential within a few centivolts, the steady-state 
potential of different specimens varied within 0.1 v. 

When anodically polarized, Al reaches a steady 
potential at any given current density in about 15 
min. The actual time required depends on the pre- 
vious current density as well as the current density 
in question. The behavior is that generally found for 
film forming metals. 

The curves shown in Fig. 2 and 3 show typical 
behavior in H,SO,. Curves obtained with many dif- 
ferent specimens all had about the same general 
shape. Variation in potential for any given current 
density was about +0.2 v. 

The polarization at any one current density could 
be prolonged for 1 or 2 hr without changing the form 
of the curve to any appreciable extent. 

No visual evidence of gas evolution was detected 
throughout the voltage range investigated. 

If the Al is polarized rapidly (each reading taken 
within 30 sec), subsequently depolarized, and the 
process repeated several times, the following be- 
havior, shown in Fig. 4, is observed. The first polari- 
zation curve lies somewhat above the remaining 
curves, curve A in Fig. 4. The subsequent curves, 
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Fig. 4. Rapid anodic polarization in 5.0N H.SO, hysteresis 
effect. 


as well as the steady-state curve, lie within the 
brackets of curve B in Fig. 4. After the first rapid 
polarization all subsequent curves including the 
steady-state one are identical within the experi- 
mental error. 

Although instrument limitations did not allow 
accurate readings for times less than about 30 sec, 
indications were obtained that if depolarization po- 
tentials were obtained in very short time intervals a 
considerable hysteresis effect would be noted. A 
specimen which had been polarized at steady-state 
values up to about 1.0 ma/cm* showed a pronounced 
hysteresis on rapid depolarization. The potential re- 
tained its noble value for several seconds while the 
current diminished to very low values. 

An Al specimen which had been polarized up to 
+1.0 v in 5N H.SO, and removed from the solution 
without interrupting the current exhibited noble be- 
havior in a weaker, 1N H.SO,, solution. The open- 
circuit potential was about —0.6 v, and the anodic 
polarization obtained in the latter solution had a 
higher slope, (dV/di). 

Several specimens were polarized at various cur- 
rent densities for 30 min in 5.0N H.SO, and tested in 
the dry state for the presence of an insulating film. 
A metallic probe was pressed against the surface, 
and 1.0 v d.c. was applied across the probe and 
the Al. 

Insulating films were obtained on specimens 
which had been polarized at more noble potentials 
than +1.0 v. The conduction did not depend on the 
polarity of the probe. 

The anodic behavior described above strongly in- 
dicates that Al forms a film on the surface and that 
its thickness depends on the potential and current 
density. 

The differential capacitance varied with the fre- 
quency as shown in Fig. 5. In all cases it became 
constant at about 8 kc. It may be assumed that the 
C, measured at 10 ke or greater is the true, or very 
close to the true, value of the parallel plate capacity 
of the oxide (10). Unless otherwise noted, all values 
reported were measured at 15 kc. 

At any given current density the capacitance 
changed with time in about the same manner as the 
potential. On open circuit the capacitance increased 
in value as the potential became more anodic (nega- 
tive with respect to S.C.E.). At any given current 
density the capacitance decreased with time as the 
potential became more noble, both values becoming 
fairly steady at about the same time. 
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Fig. 5. Variation of capacitance with frequency in 1.0N 
H.SO,. 


In any one experiment the capacitance varied from 
about 13 »F/cm* on open circuit to about 2 uF/cm* 
at AV = +3.0 v. On open circuit the maximum vari- 
ation from one specimen to another was about 1 pF/ 
cm’; this variation decreased with applied current to 
a few tenths of a microfarad per square centimeter. 
It is very likely that variations in capacitance values 
were predominately due to variations in the surface 
roughness factor, since this probably approached 
unity as the surface film thickened (9). 

Generally the capacitance was lower in 1N H.SO, 
than in the 5N and 10N acid. No significant differ- 
ences were observed in 5N and 10N H,SO,,. 

A fairly well-defined linear relationship was 
found between 1/C and AV. Typical results are 
shown in Fig. 6. 

Assuming that an oxide film is present on the 
surface we may follow the ideas of Mott and Ca- 
brera (5) and others (8, 9) and express the current 
density as follows: 

i/Ar = ae” {1] 
where a and £B are constants and F is the field 
strength across the film. 

If we let F = V/zx, where V is the potential differ- 
ence across the film and X the film thickness, we 
obtain 
i/Ar = a e”””* [2] 


Expressing the current density in terms of the 
current per unit of apparent area, A, we have 


i/A = [3] 


where Ar/A is the roughness factor. 
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Fig. 6. Variation of the reciprocal capacitance with poten- 
tial. O—1.0N H.SO,; O—5.0N H.SO,; A—10.0N_ H.SO,. 
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(volts ) 
Fig. 7. Variation of the product AV-C vs. log of current 
density. O—1.0N H,SO,; O—5.0N H,SO,; A—10.0N H.SO,. 
Since the measured electrode potential of the Al 
will differ from the actual electrical potential differ- 
ence at the Al-solution interface by some constant, 
we will, for purposes of convenience, refer most of 
our potentials to that of the Al on open circuit, V’. 


i/A = Ar/A a exp [B(V’ + AV)/zx] [4] 


Assuming that the roughness factor is one, we finally 
have: 


2.3 2.3 
log i/A — 


AV/zx = loga—V’/x [5] 

If the film on the surface acts as the dielectric of 
a parallel plate condenser, the capacity should be re- 
lated to the film thickness as follows: 


Cc D Ar 6] 
4nx 
or 
C= k/zx [7] 


where C is the capacitance and D the dielectric con- 
stant. 


Substituting the above into Eq. [5], we have 
AV-C = 2.3 k/B log i/A — 2.3k/B loga — V’-C [8] 

If we assume that a and £ do not differ appreciably 
from the values found for thick films, where a = 
5 x 10“ amp/cm* and B = 5 x 10° cm/v (8, 9), it is 
reasonable to expect that the relatively small varia- 
tions in the product V’-C will not affect expression 
[8] to any appreciable extent. Hence if our concepts 
and assumptions are correct, AV-C should be a linear 
function of log i/A. 

Figure 7 shows that the product (AV-C) plotted 
vs. log i/A yields straight lines as predicated by 
Eq. [8]. 

The data obtained in 5N H.SO, always resulted in 
one line, whereas those obtained in 1N and 10N H.SO, 
invariably showed a break with two straight lines of 
different slopes. This tendency for the current to in- 
crease more rapidly at high field strengths has been 
observed by others for both Al and Ta (8, 9), and a 
“heating effect” was suggested as the possible cause. 

It is difficult to understand why this phenomena 
was not observed in 5N H.SO,, and no satisfactory ex- 
planation can be offered at this time. It is possible, of 
course, that the proper conditions of current and so- 
lution composition for producing a heat effect were 
encountered in 1N and 10N acid and not in the 5N 
H.SO,. 

The average value of the slope d(AV-C)/d log i 
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obtained on several different specimens in 5N H.SO, 
was 6.0, with an average deviation of 5%. The slopes 
in 1N acid were 6.0 and 2.1 and in 10N acid 4.3 and 
2.3. The average deviation was about 10% in both 
cases. 

Discussion 

Since the capacity of the auxiliary platinized Pt 
electrode was about 2000 uF, we may assume that the 
measured capacitance is very close to the true value 
of the capacitance of the Al electrode. The experi- 
mental results may be interpreted, at least in a 
qualitative manner, as indicating the presence of a 
film on the Al surface. The film is present at all po- 
tentials including open-circuit conditions and ap- 
parently thickens as the potentials are made more 
noble. 

A quantitative interpretation of capacitance in 
terms of a film thickness is complicated because of 
the following factors. The true capacity of the film 
is somewhat greater than the measured value be- 
cause of the capacitance of any diffuse double layer 
at the oxide-solution interface. While the film is 
probably fairly uniform in thickness, it is not en- 
tirely so, and our measurements correspond to some 
average thickness. The surface roughness factor is 
not known, although as previously mentioned, it 
probably approaches unity as the film increases in 
thickness. Finally, we do not know the exact com- 
position nor the dielectric constant of the film. 

However, the data do strongly indicate a film 
thickness which varies linearly with the potential, 
and it is interesting to obtain at least some qualita- 
tive idea of the probable thickness. 

If we rewrite Eq. [6] as 


8.84 D 


9 
[9] 


where C is in »F/cm’* and x in centimeters, we see 
from Eqs. [7] and [8] that the slope, S, of the AV-C 
vs. log i curve is 


20 x 10° D 


B 


If we take the value of 8 = 0.5 x 10° cm/v as cal- 
culated by Verwey (2), we obtain a value for the 
dielectric constant, D, of about 15 which is the right 
order for AlL,O,,. 

Higher values of 8 as reported for thick films 
(4, 8, 9) would yield values of D which are unrea- 
sonably high. 

If we take D = 15, and calculate x we obtain film 
thickness of the order of about 10A on open circuit 
to about 50A at +3.4 v in 5N H.SO,; and in 1N and 
10N acid in lower voltage region. 

Since it is not known whether £, D, or both change 
to cause lower values of the slope at the higher 
voltages no attempt will be made to calculate thick- 
nesses in these cases. It should be noted, however, 
that a change in 8 from 0.5 x 10“ to about 1.5 x 10° 
is all that is necessary to account for the change in 
the slope with the same dielectric constant. 

The results obtained on Al in this study and on 
some of the other film forming metals mentioned in 


[10] 
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the introduction strongly indicate that, at least for 
these metals, the presence of a very thin, compact, 
and continuous “oxide-like” film on the surface is 
responsible for their passive behavior. The film 
thickness and characteristics will be governed by 
the electrochemical action which occurs between the 
metal and the electrolyte. This action exists on open 
circuit and does not differ in kind from that induced 
by external anodic polarization. 

It is, in fact, a self-anodic polarization. The elec- 
trons are removed by the cathodic reduction of some 
reducible substance present in the solution. 
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Kinetic Studies on Corrosion Systems 


Polyelectrodes under Activation Control 


Franz A. Posey 


Oak Ridge National Laboratory, Oak Ridge, Tennessee’ 


ABSTRACT 


Electrochemical kinetics has been applied to the case of corroding poly- 
electrodes under activation control for the situation where the rates of partial 
processes vary over the surface of an electrode. Explicit expressions have been 
derived for rate and potential in the simplest polyelectrode systems. The ki- 
netics of galvanic couples under activation control has been derived with em- 
phasis on the significance of measurable quantities. The use of steady-state 
polarizability measurements, potentiostatic measurements, and galvanostatic 
measurements in the study of polyelectrode systems has been outlined. 


Numerous investigators have contributed to the 
foundations’ and experimental applications of elec- 
trochemical kinetics and comprehensive reviews of 
this work have been published (4-6). Much of the 
existing theory treats the case of a single over-all 
reaction under activation control* at an electrode- 
solution interphase [e.g., a metal-metal ion equilib- 
rium, or a redox reaction at an inert electrode (8) ], 
and one of the most general treatments of such a 
system‘ has been presented by Parsons (9). Wagner 
and Traud (10), Kimball (11), and Audubert (12) 
have been among the few to examine corrosion sys- 
tems from a systematic kinetic viewpoint. However, 
in the study of some of the more complex electro- 
chemical situations, such as those occurring in many 
corrosion systems, there appears to be a need for a 
more extensive treatment suitable for interpreting 
the phenomenology. In the present report, an ele- 
mentary electrochemical kinetic treatment of two- 
phase polyelectrode systems® and galvanic couples 
under activation control has been developed, and the 
application of the theory to the analysis of corroding 
polyelectrodes has been outlined for several types of 
steady-state measurements. The results of an ex- 
perimental investigation on a particular polyelectrode 
system will be presented in a subsequent report. 


‘Operated by Union Carbide Corporation for the U. S. Atomic 
Energy Commission. : 


2 The source equations of electrochemical kinetics may be found 
in the works of Butler (1), Bowden and Rideal (2), and Erdey- 
Gruz and Volmer (3). 


*Use of the term, activation control, here corresponds to the 
sense of the designation, ‘““Durchtrittstiberspannung,” as employed 
by Vetter (7) to distinguish between cases where the charge trans- 
fer step in an electrochemical reaction or partial process is rate- 
determining and those where the higher activation energy of a 
precursor step or a subsequent step in the reaction determines the 
rate. 


‘The designation, system, is used here to refer to an electrode 
plus its liquid environment. 


*The term, polyelectrode, as used here, refers to the situation 
where more than one chemically distinct individual or partial proc- 
ess is occurring at the same electrode-solution interphase. The term, 
two-phase polyelectrode system, denotes a metallic polyelectrode in 
contact with a nonmetallic environment in the liquid state. The 
case of intervention of a third phase ‘e.g., an oxide film) between 
metal and solution is not considered explicitly, although the kinetics 
of some three-phase systems is indistinguishable from that of the 
two-phase systems treated here. This latter situation may occur if 
all rate-determining charge transfer steps in a three-phase system 
proceed at the same interphase (e.g., an oxide-solution interphase) . 
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Definitions and Fundamental Relations 

The present theory, in addition to treating the case 
where several partial processes under activation 
control occur at the same electrode-solution inter- 
phase, attempts to take account (at least in a formal 
manner) of the experimentally demonstrable fact 
that the rates of each of the partial processes may 
vary over the surface of the electrode. As a con- 
sequence of these variations, three current quanti- 


ties present themselves for consideration kinetic 
analysis. The first of these quantities is gi, . oy the 
equation: 

j= Fey (C.") 


wherein the current density, j, (units of amp/cm‘*), 
of the i" charge transfer step at a very small (differ- 
ential) element of area, dS, on the surface of an 
electrode is related to the absolute value of the 
number of charges transferred across the interphase 
(A,) during the i™ charge transfer step, Faraday’s 
constant (fF), an electrochemical specific rate con- 
stant (k,), and the product of the concentrations of 
the reactants (symbolized by 7(C,”‘), where p, de- 
notes the kinetic order of the i" charge transfer step 
with respect to the species of concentration, C,).° 
Since the energy barrier of a charge transfer step 
may be traversed in either direction, it is pertinent 


*In this definition, the significance of the current density of a 
charge transfer step is assigned to j;, instead of the current density 
of a partial process. This is done so that Eqs. (2), (3), and (7) will 
be general in that they include all the charge transfer steps of 
any two-phase polyelectrode system. However, the current density 
of a charge transfer step is not necessarily identical to the current 
density of the associated partial process, except for partial processes 
under pure activation control (cf. footnote 3) having a mechanism 
with only one charge transfer step. A partial process may involve 
several steps (i.e., the surmounting of several energy barriers), of 
which at least one step will be a charge transfer step. Furthermore, 
the charge transfer step(s) of a partial process may or may not be 
rate-determining (viz., the “slow recombination” mechanism of the 
hydrogen evolution reaction), but each charge transfer step will 
obey Eq. [1] in which k; is the electrochemical specific rate con- 
stant of the charge transfer step and wiC ir) involves all species 
participating in the step, whether they be identifiable reactants or 
products of the partial process or intermediates of transitory exist- 
ence. In general, the current density of a partial process which has 
a mechanism with m energy barriers involving charge transfer is 
equal to m times the net current density crossing each of the energy 
barriers. In applying Eqs. [1], {2], [3], and {7} to the cases dis- 
cussed in the rest of the report, however, it will be assumed that 
all partial processes are under pure activation control and involve 
only one charge transfer step; in other words, only the simplest 
electrode processes will be assumed present in the system. 
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to define the anodic and cathodic current densities, 
jue and j With this convention, a second current 
quantity is given by the equation: 


This is the net current density (j,) at a differential 
element of area (dS) on an electrode surface and is 
the difference between total anodic and total ca- 
thodic current densities at dS. It will be shown later 
that the sign and magnitude of j, depend on the ki- 
netics (i.e., on the energetics and on the number of 
reactive particles) of the various processes occurring 
both at dS and over the rest of the electrode surface, 
as well as on the sign and magnitude of any current 
applied to the electrode from an external source. 

The third important current quantity is the ap- 
plied current, i», which for steady-state conditions 
is given by: 


i= fi dS = [3] 
on integrating j, over the surface area, S, of the elec- 
trode. The applied current, of course, is an experi- 
mentally measurable quantity. 

Further consideration of polyelectrode systems 
necessitates the assignment of a particular form to 


the electrochemical specific rate constants, k,. It will 
be assumed that the rate constants are given (13) 
by: 


[4] 


where (kT/h) has its usual significance of the de- 
composition frequency of activated complexes (14), 
r, equals x, — — (in which x, is the transmission 
7 
coefficient of the i'* charge transfer step (15), 7(y,"') 
symbolizes the product of the activity coefficients of 
the reactants, and y,* is the activity coefficient of the 
activated complex), and Ay,? is the change in the 
electrochemical potential of the system required for 
the formation of one mole of activated complex from 
reactants. Suit is a partial molar quantity in the 
usual thermodynamic sense. 

The rate constants for anodic and cathodic charge 
transfer steps may be obtained from Eq. [4] on in- 
troducing the definition of electrochemical potential 
(16,17), (pn)e + ZF (in 
which (x), is the electrochemical potential of spe- 
cies n in phase £, (p,), is the chemical potential of n 
in B, Z, is the charge on n, and 4, is the inner or 
Galvani potential of the phase 8), in a manner sim- 
ilar to the procedure used by Parsons (9) in deriving 
the rate constant of a partial process. The electro- 
chemical specific rate constants become: 


due to Lange 


’ Here and elsewhere, subscript a refers to an anodic charge trans- 
fer step, entailing a transfer of positive charge from electrode to 
solution or of negative charge in the reverse direction; likewise, 
subscript ¢ refers to a cathodic charge transfer step, with trans- 
fer of negative charge from electrode to solution or of positive 
charge in the reverse sense. Current densities are denoted by j, cur- 
rents by i. Currents and current densities of charge transfer steps 
are considered as positive quantities, and positive or negative signs 
are affixed according to whether the particular charge transfer steps 
are anodic or cathodic, respectively. The signs of all other current 
quantities and derived functions, such as that of the externally 
applied current, are fixed by this procedure. 
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for anodic and cathodic charge transfer steps, re- 
spectively. Here, and are the changes in 
the chemical potential of the system required for 
the formation of one mole of activated complex from 
reactants for anodic and cathodic steps, respectively. 
a,, and a, are the symmetry factors of the charge 
transfer steps while Ad, is the inner potential differ- 
ence between the interior of the metallic element of 
volume, dv (one surface of which is the element of 
area, dS, in contact with the solution), and the 
innermost portion of the diffuse double layer in the 
solution.”” Many of the preceding definitions are 
offered mainly to establish a nomenclature for the 
treatment of polyelectrode systems rather than as 
new propositions, and the presentation resembles 
Parsons’ derivation (9) of similar expressions for 
partial processes. For convenience in reference, a list 
of frequently used symbols and their definitions is 
appended to this report. 

From Eqs. [1], [3], [5], and [6], the current ap- 
plied to a polyelectrode system in a steady state is 
given by: 


| 
e RT dS [7] 


Equation [7] is the fundamental expression of the 
present model of two-phase polyelectrode systems; 
it includes all the charge transfer steps occurring at 
an electrode-solution interphase, whether rate-de- 
termining or not. Since Ad, of Eq. [7] is not an ex- 
perimentally measurable quantity, it is appropriate 
to modify this equation to a form containing a meas- 
urable potential difference. Figure 1 shows a typical 
circuit for the measurement of cell or electrode po- 
tentials. Here, the measurable potential difference, V, 
is the potential difference corresponding to the dif- 
ference in the electrochemical potential of electrons 
in the two ends of a potentiometer slidewire of uni- 
form composition, i.e., V = (¢,' — ¢,"). Hence, V = 
where (¢,'—¢,) is the potential difference due to 
electronic equilibrium between one potentiometer 
lead (l’) and the metallic volume element, dv, at 
the surface of the electrode, (dy — ¢.) = Ad = Ady + 


*If ow is the inner potential of the metallic volume element, dv, 
and #s is the inner potential at the outermost portion of the diffuse 
double layer in the solution, Ad = @m gs is the over-all inner 
potential difference between metal and solution at dS. However, 
the specific rate constant of a charge transfer step is a function of 
the potential difference across the Helmholtz double layer, Agu = 
ou gu, where gu is the inner potential at the outermost portion 
of the Helmholtz or “fixed” double layer or (we shall assume also) 
at the innermost portion of the diffuse double layer. The inner po- 
tential difference of the diffuse double layer is then y = gu os, 
and it follows that Ad = ¢m os = Adu + y. id 


* The inner potential of electrochemistry should not be confused 
with the inner potential of electron diffraction theory. For the dis- 
tinction, see Parsons’ article in reference (4). 
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SOLUTION 
L 
Fig. 1. Schematic diagram of typical circuit for the meas- 
urement of electrode potentials of polyelectrodes. 


wv (cf. footnote 8) is the electrode-solution potential 
difference at dS, (¢,"’ — dx) is the potential difference 
due to electronic equilibrium between the other po- 
tentiometer lead (l”) and the reference electrode, 
and (¢, — d,) is the potential difference between the 
reference electrode and the solution. If (¢,° —¢.) + 
(de—ds) = is denoted by A¢d,.,, and 


1 
— bv) is replaced by — (z.)u], Ady of 


1 
Eq. [7] is given by t Abeer. + 


(u.).']. Here, [ — is the difference in the 
chemical potential of electrons in the metallic vol- 
ume element, dv, and in the potentiometer lead (l’). 
Equation [7] then becomes: 


@i adi .aF 
h 
e RT e RT 
ai 
——— 
RT 
V 
e RT e RT dS_ 


Two assumptions are implicit in Eq [7’]. First, it 
is assumed that currents flowing in the electrode, 
whether externally applied or existing as a result of 
variations in the rates of processes over the electrode 
surface, can have no significant effect on [(y.)»— 
= F(¢y — This assumption is surely an 
excellent approximation since it is well known that 
metals and metallic contacts are quite unpolarizable; 
certainly the assumption will be valid for currents 
encountered in systems having partial processes un- 
der activation control. Second, it is assumed that 4, 
is constant everywhere in the solution, and hence 
that the measured value of V will be independent of 
the position of the reference electrode (or its Luggin 
capillary) with respect to the corroding polyelec- 
trode (i.e., no significant “IR drop” exists in the so- 
lution). For systems under activation control, this 
condition usually can be met experimentally by em- 
ploying a large excess of an indifferent electrolyte 
in the solution. The presence of a large excess of 
inert electrolyte is advantageous also in that the 
diffuse double layer potential difference () is sup- 
pressed, is approximately independent of the over- 
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all electrode-solution potential difference (Ad) at 
potentials sufficiently far from that of the electro- 
capillary maximum and is approximately independ- 
ent of the concentration of reactive species. 

It should be noted that Ad (or ¢y) has not been 
presumed to be constant over the polyelectrode sur- 
face. Constancy of Ad is expected only when the 
polyelectrode is a metal of uniform composition, al- 
though even in this case the rates of processes may 
vary over the surface because of, for example, the 
presentation of various crystal faces to the solution. 
Measurements of V do not necessarily give any in- 
formation on the variation of Ad over a polyelectrode 
surface, although a change in V corresponds to an 
identical change in Ad everywhere on the surface, 
under the conditions of validity of the two assump- 
tions mentioned above. The terms, Ap;.+ and Ay,..f, 
of Eq. [7'] frequently are not independent of (y,)» 
since electrons must be considered as reactants in 
some charge transfer steps; the exact dependence is 
a function of the particular charge transfer step. 

In applying Eq. [7’] to cases of practical interest, 
several further assumptions will be made. First, it is 
assumed that all partial processes are under pure 
activation control and that each has only one rate- 
determining charge transfer step. Second, it will be 
presumed that concentrations of solution species 
which enter into the terms, 7(C,”'), and #(C,”')., are 
approximately the same as the concentrations of the 
same species in the bulk of the solution. Third, a 
large excess of an indifferent electrolyte will be pre- 
sumed present, so that the diffuse double layer po- 
tential difference (¥) is suppressed. And fourth, it 
will be assumed that the electrochemical transfer co- 
efficient (a,A,) of the i" charge transfer step does not 
vary significantly over the polyelectrode surface, 
even though the energetics of the step may vary 
greatly, as from one metallic crystal face to another.” 
With these assumptions, Eq. [7'] may be modified to 
give: 


ip > RT — RT [8] 


where 


kT 


In Eq. 8, Q,., and Q,,. are considered independent of 
dS, whereas the exponential terms under the inte- 
gral signs of I,,, and I,,. are functions of dS. Remem- 
bering the approximate nature of the assumptions 
which led to the development of Eq. [8], it is pos- 
sible to proceed with a derivation of formulas which 

' See, however, the work of Busing and Kauzmann (18), who 


consider the possibility of a rather large variation of the electro- 
chemical transfer coefficient over an electrode surface. 
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describe the behavior of certain of the simpler poly- 
electrode systems satisfying the conditions discussed 
above. 


Rate and Potential in Simple Polyelectrode Systems 

Frequently, and especially in corrosion systems, 
the situation is encountered where only two chemi- 
cally distinct partial processes, one anodic and one 
cathodic, contribute a significant portion of the total 
current crossing an electrode-solution interphase. 
Such might be the case for the hydrogen-evolution- 
type corrosion of a metal. From Eqs. [5]-[8] it is 
seen that Ay, and Ay, are most important factors 
in determining rates of partial processes, and the 
effect of variations in these quantities over a poly- 
electrode surface is of interest. Variations in Ay,,.¢ 
and Ay,.* are expected to occur on a real polyelec- 
trode surface because of a number of well-known 
structural factors, e.g., the presence of impurities and 
lattice imperfections in the metal, the presentation of 
various crystal faces to the interphase, the existence 
of grain boundaries, etc. If Eq. [8] holds for such a 
system with two distinct partial processes, the meas- 
urable potential (V) for the case of no externally 
applied current (i, = 0, “spontaneous” corrosion) is 
given by:" 


RT Q. 

+ aA.) F I, 
Equation [8] is soluble explicitly for V (for arbi- 
trary values of a,A, and aA.) only for the present 
case where i, = 0, but various workers have reported 
solutions for other specialized cases (19-21). The po- 
tential (V) of this simple corroding polyelectrode 
system is not related directly to the rates of the par- 
tial processes (except through the condition that 
i, i.) but, apart from concentration terms, is a 
function primarily of the difference in the “activa- 
tion energies” of the two partial processes, Ayu,+ — 
Au.t. Thus, if and were constant over the 
polyelectrode surface, In (I./I,) would contain a 
term in (Ayp,* — Auv.4)/RT. If, in addition, both par- 
tial processes referred to the same over-all chemical 
reaction, Eq. [9] would reduce to the familiar Nernst 

equation of thermodynamics. 

The corrosion current of this polyelectrode system, 

which is a measurable quantity, is given by: 


on substituting the result of Eq. [9] into the ap- 
propriate rate equations for i, and i, expressed in 
aA, 
and 0, = 
+ aA, + aA, 
The integrals, I, and I., determine the effect of the 
variations in activation energies of the partial proc- 
esses on the observable kinetics. Terms in (Ad¢d,.;—w), 
which appear in the definitions of Q, and Q. (cf. Eq. 
[8]), in order to relate the rates of partial processes 
to the measurable potential (V), cancel out in the 
result of Eq. [10]. The symmetry of this equation 
and the interdependence of the kinetic parameters of 
the two partial processes in determining rates is 


i, = i. 


terms of V. Here, @, = 


" Subscript i will be dropped in the presentation of equations 
pertaining to systems with only one anodic and one cathodic par- 
tial process 
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rather striking. Whereas the potential, V, was found 
to be a function primarily of the difference in the 
activation energies of anodic and cathodic processes, 
the corrosion current is a function primarily of the 
sum of the activation energies. Thus, if Ay,* and Ay,.? 
were constant over the polyelectrode surface, i, 
+ 

would be proportional to e RT 


When Eq. [9] issolvedfore ande RT 
and these quantities are substituted into the ap- 
propriate form of Eq. [2], the net current density at 
dS (j.) is given by: 


I. \% 
je = [( e RT 
(Apet + adel — 


a e RT 
I, 


This interesting relation shows that the net current 
density at dS is a function not only of the anodic and 
cathodic activation energies at dS but also of the 
kinetic variables over the rest of the polyelectrode 
surface. Depending mainly on the values of I,, I., 
Au.t, and (u.)», j, may be either positive or neg- 
ative. j, is the kinetic counterpart of the “local cell 
currents” of classical corrosion theory. For the case 
of a polyelectrode consisting of a metal of uniform 
composition, but with various crystal faces exposed 
to solution, (u.)y and Ad are expected to be constant 
over the electrode surface, whereas j, is free to fol- 
low the variations of Ay,.? and Au.* of Eq. [11]. Equa- 
tion [11] provides a kinetic basis for a definition of 
“anodic” and “cathodic” areas on an electrode sur- 
face. At anodic areas, j, is positive, whereas at ca- 
thodic areas, j, is negative. In this definition no refer- 
ence is made to the value of Ad at anodic as com- 
pared to cathodic areas. It will become evident in the 
kinetic treatment of galvanic couples (to be dis- 
cussed later) that, in fact, Ad at anodic areas may be 
more positive, more negative, or the same as A¢ at 
cathodic areas. This may be seen also from Eq. [11] 
on replacing the term by F[Ad— 
(¢,'— os) ], so that j, (and its variation over the 
surface) is not determined uniquely by Ad (and its 
variation over the surface), but is a function of Aux,}, 
Au.*, and Ad. Thus, there is no kinetic necessity for 
variations in the net current density (or the “local 
cell current”) to follow (or to be “in phase” with) 
variations in Ad over a polyelectrode surface. 

As a corollary of Eq. [11], if the actual distribu- 
tion of Ayu.*, Au.t, and (u.)y were specifiable in alge- 
braic form, so that I, and I. could be evaluated, the 
locus” of all elements of area on the electrode sur- 
face where j, = 0 could be obtained from: 


{11] 


(Ap.t — — (ade + [ (pe) — 
RT in( [12] 
a 


"If Awa’, Awe*, and are expressed in Cartesian coordinates 
as functions of x and y, the values of these quantities at the point 
‘x, vy) will be considered as referring to those at the rectangular 
element of area dS, two adjacent sides of which have the lengths, 
‘x + dx) x and (ty + dy) v. Hence, the coordinates of the 
point ‘xr, y) are defined as the locus of the element of area, 
dS = dxrdy. 
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Fig. 2. Schematic diagram of typical circuit for the meas- 
urement of electrode potentials of galvanic couples. 


In the more general case of externally applied cur- 
rent (ip #0), values of j,, and thus the locus of ele- 
ments of area where j, = 0 (hence also the ratio of 
anodic to cathodic areas, defined as above), are func- 
tions of i». For purposes of illustration, a numerical 
example based on a continuous distribution of acti- 
vation energies of partial processes over a polyelec- 
trode surface is presented in the appendix to this 
paper. 


Kinetics of Galvanic Couples under Activation Control 


The kinetics of a special case of a polyelectrode 
system wherein two metallic electrodes may be con- 
nected together (shorted) in the same solution as a 
galvanic couple can be derived on the basis of pro- 
positions discussed above. An appropriate circuit for 
electrode potential measurements on a galvanic 
couple is presented in Fig. 2. Here (cf. Fig. 1), the 
measurable potential difference is V, = (¢,’ — ¢,") = 
— dn) + (bn — bs) — — be) — (be — 


where subscript n refers to metal 1 or metal 2. On 


1 
setting (¢,’—4,) because of 


electronic equilibrium between one potentiometer 
lead (l’) and the metal n, setting (¢,— 4.) = Ady, 
and setting (¢4,° — dx) + (de — ds) = Adyer., it follows 


1 
that V, = [ (pe) — + Ads — Adrer.. 


It will be assumed that only two partial processes 
under activation control, one anodic and one ca- 
thodic, occur at each electrode, and that all the as- 
sumptions considered in the derivation of Eqs. [9]- 
[12] apply here also. In addition, it is assumed that 
the rate constants of the partial processes are con- 
stant over the surface of each of the electrodes (al- 
though different rate constants will be assumed for 
each electrode). With these conventions, it is possi- 
ble to derive formulas for quantities of interest for 
the cases in which each electrode is isolated and in 
which both electrodes are shorted together. The 
anodic (corrosion) current (i’,,) and the cathodic 
current (i°,..) of the metals in the unshorted state” 
are given by: 


\F 


+ Ad''n 
S, K,..e 287 [13] 


\F 
=S,K,.e 287 [14] 


8 Superscript zero refers to quantities pertaining to the unshorted 
electrodes, while superscript asterisk pertains to the shorted state. 
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Here, S, is the area of metal 1 or metal 2, K,,, and 
K,,. include activation energies and concentrations of 
reactants,“ and A¢’, is the metal-solution potential 
difference of metal 1 or metal 2 in the unshorted 
state. It is assumed that the symmetry factors and 
the electrochemical transfer coefficients of all par- 
tial processes in the system are identical; specifically, 
a equals % and \ is common to all partial processes. 
Since 7’, = i’,,. for metals 1 and 2 when unshorted, 
it follows from Eqs. [13] and [14] that: 


The measurable electrode potential (V°,) of the un- 
shorted metals is given by: 


1 RT K,.. ) 
[(u.) (He) — Adres. + \F In ( K.. 


[16] 

When the result of Eq. [15] is substituted into Eqs. 
[13] and [14], @’,,, and *’,,. are given by: 

= = [17] 

From Eqs. [15] and [16], the difference in the 

measurable potentials of the unshorted metals is re- 

lated to the difference in the interfacial potential 

differences or to the K’s by: 


1 


1 (u.) 4 [18] 
— (pe)s — ln 
p AF K.. K,, 

It is apparent from Eq. [18] that the sign of 
(V." — V,") is not necessarily the same as the sign of 
(Ad." — Ad,") and that, in fact, measurements of 
(V.’ — V,") alone give no information about (Ad¢,.” — 
Ad,"). If (V." — is positive, then (Ad¢.” — Ad,”) may 


1 
be negative provided [(#.):— is sufficiently 


positive. On the basis of Lange’s definitions (16, 17) 
and on the condition that the metals be nonpolariz- 
able, the term [(z.),:— (u.):] depends only on the 
composition and structure of the two metals in con- 
tact and is independent of the environment and of 
the events occurring at the metal-solution inter- 
phases. 

When the two electrodes are connected together, 
the measurable electrode potential of the resulting 
galvanic couple (V*)” is given by: 


ve 


‘ 


Vv," 


+ 


'* In terms of previously defined quantities, 


kT 
r(- (CP, RT @ 2RT 

bu 


kT + 
and = r(- RT e and Kn, 


have the dimensions of current density and, from Eqs. [13] and 
{14}, are merely the current densities of the respective partial proc- 
esses when Ado = 0 
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Equation [19] gives the electrode potential of a gal- 
vanic couple in terms of the electrode potentials of 
the unshorted metals and the currents crossing the 
interphases of the metals when unshorted (cf. Eq. 
[17]). If metals 1 and 2 were both reversible elec- 
trodes when unshorted, the terms S,(K,,K,..)'” and 
S.(K,,,K,.)'* would be merely the exchange currents 
of the respective systems. If S,(K,,K,..)'*’>S, 
(K,.K,..)'*, V* will have a value nearer to V,” than 
to V.”. In the limit, if S,(K,,.K,,.)** is much larger 
than S.(K.,,K,.)'’, then V* will be approximately 
the same as V,". 

The total anodic (corrosion) current or total ca- 
thodic current of both electrodes in the shorted state 
is given by: 


= ¢,.* + 1.* =1,." +4." = 


\F 


\F 


In terms of (¢,* — #."), the difference in the inner 
potentials of metals 1 and 2 in the shorted state, Eq. 
[20] becomes: 


\F 
J 
= i,* S,°K,..K;.. + 
\F 
(di® 
+ 287 [20°] 


The term (¢,* —4.*) of Eq. [20’] is equivalent to 
(Ad,* — Ad"), the difference in the interfacial po- 
tential differences of the two shorted metals. For the 
case that V, V.", no change would occur in the 
system on shorting the metals, and Eq. [20] reduces 
to i,* i," S,(K, + = i... + 
+ In the limiting case where 
is very much greater than 
Eq. [20] reduces to i,* = S,(K,,..K,.)'’ =i", in 
which case the corrosion rate of metal 1 would be 
scarcely changed on shorting to metal 2. The term 
F(d,* of Eq. [20°] may be replaced by 
[(u.), — which is a constant depending only 


on the composition and structure of the two metals 
in contact. 
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In the shorted state, the net current crossing the 
interphase of metal 1 (i,..*) is equal but of opposite 
sign to the net current crossing the interphase of 
metal 2 (i..¥*). These net currents are given by: 
=i." —i,.” = —i,.*= (see below) 
In terms of (¢,* — ¢.*), Eq. [21] becomes: (see [21’]) 
Equation [21’] shows that, for a galvanic couple, the 
sign of the net current i,,* (which is equivalent to 
the “local cell current” of classical theory) is a func- 
tion of, but certainly is not uniquely determined by, 
the sign of (¢,* —¢.*), or its equivalent (Ad,* —A¢.*), 
the difference in the interfacial potential differences 
of the shorted metals. If i,,* is positive, Ad,* may be 
more positive than Ad¢.* provided the K’s have ap- 
propriate values, even though V." is more positive 
than V,". If V," = V.’, then obviously i, = = 0. 
For the case where S,(K,,,K,,.)'” is very much greater 
than S.(K,,.K,..)'*, then from Eq. [19] metal 2 is 
polarized nearly to the potential of unshorted metal 


1 and Eq. [21] reduces to i,,.* = 
\F \F ) 

} + —— | 

2RT —e mT 


if so that the net 
current here depends primarily on the current cross- 
ing the interphase of unshorted metal 2 and the dif- 
ference in the unshorted potentials. 

From Eqs. [20] and [21], the ratio of the current 
flowing between the shorted metals to the total 
anodic (corrosion) current is given by: 


(see [22] below) 


The value of this ratio may lie anywhere between 0 
and 1, depending on the values of the various ki- 
netic parameters. A similar expression in teims of 
(¢.* —¢.*) is derivable from Eqs. [20’] and [21’]. 

The anodic (corrosion) current of metal 1 in the 
shorted state is given by: 


\F 1/3 


[23 ] 

From Eqs. [17] and [23], the ratio of the corrosion 

current of shorted metal 1 to the corro.ion current 
of the same metal in the unshorted state is: 
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\F 1/2 


+ 
[24] 


For the limiting case where V.." >> V,", Eq. [24] be- 
comes: 


4RT [25] 


\F 
eS." + 
e 
i, By 
Equation [25] shows how the coriosion current of 
metal 1 increases on shorting to a metal of much 
higher (measurable) electrode potential. For the 
limiting case where V," >> V.’, Eq. [24] becomes: 


This case corresponds to “cathodic protection” of 
metal 1 on shorting to another metal of much lower 
(measurable) electrode potential. 

For the case, V." >> V,", the corrosion current of 
shorted metal 1 (i,..*) is found from Eq. [23] or 
from Eqs. [17] and [25] to be: 

\F 


vw 


It may be seen also from Eqs. [20] and [21] that, for 
this same assumption (V.’ >> V,"), ~tiy* 
That is, provided the kinetic parameters have suit- 
able values and metal 1 is shorted to a second metal 
of much higher electrode potential, the corrosion 
current of shorted metal 1 is virtually identical to 
both the net current flowing from metal 1 and the 
total corrosion current of both electrodes. This limit- 
ing case apparently corresponds to situations which 
led to the development of the classical “‘local-cell” 
hypothesis of the corrosion of metals in solution. It 
should be noted that Eqs. [19]-[27], containing V, 
and V." (which are measurable quantities), also con- 
tain the factors, S,(K,.,K,..)'’ and S.(K.,,K,,.)'*. These 
latter factors may be replaced by their equivalents, 
and i,,," (cf. Eq. [17])”. The quantities i,” and 
i...” (the corrosion currents of the respective metals in 
the unshorted state) are measurable in principle by 
either direct chemical or electrochemical means. 
Hence all these equations may be expressed in terms 
of measurable quantities. 

The equations derived above may be considered 
as special cases of the more general treatment dis- 
cussed earlier. In particular, appropriate forms of 
Eqs. [9], [10], and [11] are equivalent to Eqs. [19], 
[20], and [21], respectively. It should be remem- 
bered that the expressions derived in this section 

“For example, in terms of ii..° and iz,«", Eq. (20) assumes the 

+ 


) 


simple form: ia* = + Le 
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pertain only to one of the simplest possible cases of 
a galvanic couple and that drastic assumptions about 
the values of particular kinetic parameters were in- 
voked in order to obtain explicit equations for the 
various quantities of interest. However, it is ex- 
pected that systems of greater complexity will be- 
have in a manner qualitatively similar to that pre- 
dicted by the present analysis." In this sense, it is 
hoped that the ideas presented will prove to be use- 
ful as a kinetic basis for interpreting studies on gal- 
vanic couples. 


Polarizability of Polyelectrode Systems 

The remainder of this paper is concerned with the 
interpretation of some types of steady-state meas- 
urements on polyelectrode systems under activation 
control. It is often convenient to perform three com- 
plementary operations on a system; these are: (a) 
polarizability measurements, (b)  potentiostatic 
measurements, and (c) galvanostatic measurements. 
The equations presented below which describe these 
operations are expressed in terms of the surface 
average current densities of the respective partial 


processes, j, = ~ Sias (see Eq. [1] for definition 


of j,). With this convention, and the assumptions 
leading to Eq. [8], the applied current of a polyelec- 
trode system is given by i, =S — jue] and the 
— 

The “polarizability” of an electrode will be de- 
fined here as the derivative of the (measurable) 
electrode potential, V (cf. Fig. 1), with respect to 
any one of the four quantities: (a) the applied cur- 
rent (i,), (b) the applied current density (j,), (c) 
the logarithm of the applied current, and (d) the 
logarithm of the applied current density. Differentia- 
tion of Eq. [8] for the above cases and substitution 
of the definitions of j,, and j,. lead to the equations: ™ 


applied current density is jp = 


(=) BT | za] 
di, F t.eJi,a + a, edi ef [ ] 


' See, in this connection, the interesting analysis of Shultin (22) 
on the relative importance of the several factors (e.g., activation 
and diffusion control of partial processes and ohmic resistance of 
the  —Seaeamae which influence the corrosion rate of a galvanic 
couple. 


'? The preceding analysis should hold also for the appropriate case 
where an active metal (two-phase system) is shorted to a passive 
metal (three-phase system) if all the rate-determining charge trans- 
fer steps in the passive metal system occur at the same interphase 
(e.g., the oxide-solution interphase). 

1 + - ——V 
's Using the nomenclature of Eq. [8] ji,« — Qiali ne af 
Ss 


1 
and }i.<« Qi.rlice RT . The assumptions of Eq. [8] 
Ss 

equated the current density of a charge transfer step, ji, to the 
current density of the associated partial process. However, Eqs. 
{[28]-(30], subject to the assumption that the electrochemical trans- 
fer coefficients of charge transfer steps are invariant, also describe 
the more general case where mechanisms of partial processes in- 
volve several charge transfer steps. In this case, ji.a and ji,- may 
be interpreted as the surface average current densities of the re- 
spective charge transfer steps. 


av av 
” — ), of course, is equal to ( ), and the electrode 
In ip dinir 
area, S, cancels out in the derivation of Eq. [30]. 
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[30] 
Polarizability measurements usually find impor- 
tance in the determination of the rates and the elec- 
trochemical transfer coefficients (a,A,) of partial 
processes. If, in some range of electrode potentials, 
the rate of one partial process (j.) greatly exceeds 
those of all other processes occurring at the same 
interphase, Eq. [30] reduces to: 
RT 1 
-)| [31] 
|\@ In jp F aA, 
Equation [31] is just the differential form of the 
well-known Tafel relation. Generally, however, for 
systems with several partial processes of comparable 
rates, there may exist no accessible range of elec- 
trode potentials where the rate of one process pre- 
dominates, so that the more general relationship, Eq. 
[30], must be used. 
A relationship between the polarizability of a cor- 


roding polyelectrode and its corrosion rate, j..,,, at 
the steady-state corrosion potential (V..,..) is de- 
rivable from Eq. [29]. If it is assumed that all anodic 
processes are corrosion processes, and é, and &, are 


dimensionless constants such that Sa, = Eat 
and Sa, Ay.) &.-3j,., then, on recognizing that 
Jeore = at V....., Eq. [29] can be rear- 
ranged to give:” 
RT l 
Foor [32] 


F €) ( av ) 
Ajp /Veore 


Here, the term (€, + &.) has a value which is of the 
order of magnitude of unity for corroding polyelec- 
trodes under activation control. For a simple poly- 
electrode system having only one anodic and one 
cathodic partial process, + €.) (ahs + 
The exact value of (é, + €.) is a function of the par- 
ticular system, depending both on the identity of the 
metal and on the composition of the solution. Equa- 
tion [32] may be used to estimate corrosion rates 
from polarizability measurements to an accuracy of a 
small numerical factor for corroding polyelectrode 
systems under activation control. Alternatively, in 
studying relative corrosion rates of a series of alloys 
of similar compositions, it may be possible to deter- 
experimentally and 
+ €.) 
to use the resulting value in Eq. [32] to estimate 
corrosion rates for the series in a constant environ- 
ment. 


mine the factor 


Potentiostatic Measurements on Polyelectrode Systems 
This section and the following one are concerned 
with the information obtainable from electrical 


"An expression similar to Eq. [32] has also been derived by 
Stern (23) for the case of a simple corroding polyelectrode with 
one anodic and one cathodic partial process 

‘An inverse relationship between corrosion rate and polarizabil- 
ity at Veorr. was noted by Bonhoeffer and Jena (24), Simmons (25), 
and Skold and Larson (246). The data of Bonhoeffer and Jena on 
the corrosion of iron and carbon steels in acid environments are 
described well by Eq. [32]. The systems studied by Skold and 
Larson apparently were not under pure activation control (and 
probably were not simple two-phase systems), and Eq. [32] de- 
scribes their data only qualitatively. 
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measurements on polyelectrode systems when the 
concentration of one of the reactants in the system 
can be varied. One of the important parameters of 
electrochemical kinetics is the kinetic order (p,) of 
a partial process with respect to the concentration of 
one of its reactants (C,).” For a situation in which 
V is held constant while the concentration of one of 
the reactants (C,) in the system is varied, it can be 
shown from Eq. [8] that p, is given by: 


( ain | ip — ip ) 
ainc, 


Here, i, is the current applied to the polyelectrode 
which is necessary to maintain the (measurable) 
electrode potential (V) constant in the presence of 
some amount, C,, of the reactant under study. ip. is 
the applied current at the same potential before 
additions of x (or for a known amount of x already 
present). Precautions are necessary that additions 
of x do not change appreciably the ionic strength of 
the solution or the structure of the double layer at 
constant V; i.e., experiments should be performed 
in an excess of an inert electrolyte. The procedure 
embodied in Eq. [33] is equivalent to the method of 
isolation long used to determine reaction orders in 
ordinary chemical kinetics. 

An assumption implicit in Eq. [33] is that elec- 
trode processes other than x proceed independently 
of C,, at constant V. It is in providing an experi- 
mental test of this assumption that potentiostatic ex- 
periments find considerable value. Plots of In | ip — 
ip» vs. In C, can exhibit linearity only if i,, is in- 
dependent of C,; i.e., linearity will be obtained if the 
processes initially present in the system proceed 
with unchanged rates regardless of the value of C,. 
Nonlinearity of the plots does not necessarily ob- 
viate the model for a given electrode system but 
may merely indicate that new paths are being pro- 
vided for the reactions initially present in the sys- 
tem on the introduction of x.* A series of potentio- 
static experiments conducted at various potentials 
yields a spectrum of relations among V, C., and 
i,(= | ip — ip» | ). These data lead immediately to the 
same information (a,A, and i, as a function of V) ob- 
tainable from the usual procedure of direct analysis 
of the rates of partial processes and use of the Tafel 
relation, Eq. [31].* 


“ Subscript x will be used in this section and the following one 
to denote both the reactant and the partial process in which it 
participates. C,e and ps are as defined in the discussion of Eq. [1). 


“Conceivably the situation may arise where more than one new 
partial process is encountered on additions of x (‘e.g., x may react 
by alternative paths of comparable rates). In this case, Eq. (33) will 
contain additional terms ‘as can be verified by solving Eq. [8] for 
such a situation! which may cause plots of Injip ip.o vs. In Cz to 
consist of two ‘or perhaps more) linear portions, if the new, alter- 
native paths possess different orders (pz) with respect to Cz. If, 
in addition, the alternative paths possess different electrochemical 
transfer coefficients (‘az\z), the projection of the point(s) of in- 
tersection of the linear portions of these plots on the concentration 
axis will vary with V, the potential chosen for observation. 


** Equation [33] holds also in the event that the reaction of x 
proceeds by alternative and/or consecutive charge transfer steps 
‘(if each step has the same value of pz). However, two (or per- 
haps more) linear portions in the Tafel-type plot of V vs. In iz 
(at constant C,) may then be obtained, and for this case the ob- 


F av 
served value of ( ) 

RT ‘alniz 
equal the electrochemical transfer coefficient (az\.) of a single 
step in the partial process ‘cf. Eq. [31]) but may be a function of 
the values of the electrochemical transfer coefficients of two (or 
more) charge transfer steps of the partial process, as has been 
demonstrated by workers in the field of hydrogen overvoltage. 


on any one linear portion may not 
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Galvanostatic Measurements on Polyelectrode Systems 


It is known that the addition of oxidizable or re- 
ducible substances to polyelectrode systems affects 
the electrode potential. It has been found in some 
cases (27, 28) that the electrode potential of a cor- 
rosion system increases linearly with the logarithm 
of the concentration of the added (reducible) con- 
stituent, at least at higher concentrations. This be- 
havior is predictable for polyelectrode systems under 
activation control. Let the current density applied 
to a polyelectrode be given by the expression, j» = 
— Si. + j,, where je is the (surface average) 


current density of the added constituent” and plus 
or minus signs denote an anodic or cathodic partial 
process, respectively. Then the slope of the relation- 
ship between V and In C, at constant applied cur- 
rent density (j,) is given by: 


( av ) 


RT 
F S itis + Gi, + adrJe 


| [34] 


Here, the minus or plus sign is employed according 
to whether the additional partial process is anodic or 
cathodic, respectively. Generally, the magnitude of 
the slope, 
dinCc, 
certain important special cases, it may be a constant; 
some of these special cases are noted below. 
Consider the case of a simple polyelectrode system 
having only one anodic and one cathodic partial 
process, but in which a third cathodic process is in- 
troduced by the addition of a reducible constituent 
(x). Equation [34] then becomes: 


( av ) RT [ Dede 
inc. + adj. + 


) , ils a function of C,, but for 


| [35] 


As C, is increased, j, may become much larger than 
j.. so that j, is given approximately by j, ~ j, — j., 
and Eq. [35] becomes: 


RT dp 
—p,| a,rA, + aA, | 1 + — [36] 
F 


It can be seen from Eq. [36] that, for zero applied 


ainC, 


je and is a function only of a,A,, a,A,, and p,. 
However, both a,A, and p, are obtainable from a 
series of potentiostatic measurements, as noted in 
the previous section. Hence, the electrochemical 
transfer coefficient of the anodic partial process 
(a,A,) is calculable from Eq. [36] and potentiostatic 
data on the same system. If the applied current is 


large and negative (j, << 0), for the case j, >> j., 
then j, ~ — j,, and Eq. [36] becomes: 


( aV ) _ RT Pp: 
C, 73? F 


a,A, 


current, ( ),, . is independent of C, when 


[37] 
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Under these conditions, the galvanostatic measure- 
ments can provide a check on the results of potentio- 
static measurements on the same system. 

The preceding kinetic analysis has been limited 
to two-phase polyelectrode systems in a steady state 
having partial processes under pure activation con- 
trol. As such, it obviously is not applicable quantita- 
tively to every polyelectrode system or galvanic 
couple which may be encountered in the laboratory, 
since no account has been taken of the influence of 
diffusion or other situation of mixed rate control of 
partial processes. It can be expected to serve as a 
starting point for the treatment of systems of greater 
complexity, however, and as a kinetic basis for the 
qualitative interpretation of observations on corro- 
sion systems. The results of an experimental investi- 
gation on a particular corroding polyelectrode sys- 
tem, using the theory and techniques outlined here, 
will be presented in a subsequent report. 


APPENDIX I 


Numerical Example of Polyelectrode with Continuous Distribution of 
Partial Process Activation Energies 


Consider the case of a two-phase simple polyelec- 
trode system with one anodic and one cathodic partial 
process. For the particular case that awk, = ache = ab, 
explicit expressions are derivable from Eq. [8] for 
various quantities of interest as a function of the ap- 
plied current (ir). These are given by the equations 
below in which the function, Z, appears. Z takes ac- 
count of the influence of the integrals, I, and I., and of 
the applied current on the system, and the use of Z 
leads to simple forms of the equations for the various 
quantities of interest. The electrode potential of the 
system may be derived from Eq. [8] as:* 


[38] 


& + + ) 
2Q.1. 


The total anodic and cathodic currents in the system are 
given as a function of Z and thus of i» by: 


i. = [39] 
Q.1. 
Z 
The net current density at dS(j,) is given by: 


[40] 


Au 
j. = Q.Ze RT [41] 


where A, and A. are given in the nomenclature of Eq. 
[8] by A.= Apat ad.| — (ue) i’) and Auct 
Aw 
4 — (ue) so that I, = f e RT d§S and I, = 
A. 


f e RT dS. Finally, the equation of the locus of ele- 


ments of area on the electrode surface” where j, = 0 
follows from Eq. [41] as: 


*% The minus sign is omitted before the square root symbol in the 
ar 


function, Z, of Eq. [38] since Z 


e RT must be a positive quan- 
tity for all values of V. 


* 
: 
an 
+ 
ane 
ahF 
where 
4 
> 
: 


Table |. Certain quantities pertaining to numerical example 


Locus 


ir (applied ia (corrosion ) +)ds, ia where 
current), current), je 
amp v amp amp i(+) cm 
+6 10 +0.307 6.72 x 10° 6.00 x 1.12 
+1 10 + 0.261 2.75 x 10° 10" 1.90 0.504 


+ 0.00 
1 x 10° 
—3 x 10° 


+0.249 2.20 x 10° 8.09 x 10° 2.71 0.371 
+ 0.237 1.75 x 10° 3.47% 10° 5.05 0.237 
+0.216 1.16 x 10° 0 + 


When ir = 0, Eqs. [38]-[42] become the appropriate 
cases of Eqs. [9]-[12], respectively. 

In the construction of the present model, a Wy, 
T=26°C, 0. = Q. 6 x 10" (amp/cm*), and 
the electrode area (S) is 1 cm’. A, is taken to be con- 
stant over the electrode surface and equal to 25 kcal/ 
mole. It is assumed that A, is of the form, A. = Ao,» + 
B,-x, where A,. = 30 kcal/mole, B, 2 kcal/mole-cm, 
and x is one of the coordinates of the set (x,y) which 
describe the locus of elements of area on the electrode 
surface (0= 2=1;0=y=1). A, thus varies linearly 
from 30 kcal/mole at x = 0 to 32 kcal/mole at xr 1 
cm. From the previous information and Eqs. [38]-[42], 
it is possible to calculate the properties of this simple 
polyelectrode system. 

Table I lists the values of some of these quantities as 
a function of the applied current. Figure 3 shows the 
rather enormous variation of j, over the electrode sur- 
face as a function of the applied current. The fourth 
column of Table I lists values of i(+-), the net positive 
current flowing from the electrode, obtained by inte- 
gration of j, over that region of the electrode where it 
has positive values. When ip 0, it is noteworthy that 
the total corrosion current of the electrode (i,) is about 
a factor of three greater than would have been esti- 
mated from i(+-), the current flowing between anodic 
and cathodic areas (as defined by Eq. [11]). Column six 
of Table I shows how the “boundary” between anodic 
and cathodic areas on the electrode varies with applied 
current; for large positive applied currents, no ca- 
thodic areas exist on the surface, while for large nega- 
tive applied currents, no anodic areas exist. Because of 
the 1 cm* area of the electrode, the values recorded in 
column six are also equal to the fraction of the surface 
area which is anodic. The relatively large variation of 
j, over the surface corresponds to a variation in A, of 


Fig. 3. Plot of j, vs. position on electrode surface for model 
of numerical example (see Appendix | for description of 
model) 
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only 6-7%, so that the importance of variations in the 
activation energies of partial processes over the sur- 
face of a polyelectrode is evident. 


APPENDIX II 
List of Frequently Used Symbols 


js = current density of charge 
transfer step at element of area, 
dS, on polyelectrode surface. 

= number of charges transferred 
across interphase during i" 
charge transfer step. 

k, = electrochemical specific rate con- 
stant of i™ charge transfer step. 

a(Cy"')o,x(Ci")- = product of reactant concentra- 
tions raised to appropriate ki- 
netic orders for anodic and ca- 
thodic charge transfer steps. 

j. = net current density at element of 
area, dS. 

ip = current applied to polyelectrode 
from external source. 

™ = equal to transmission coefficient 
of i™ charge transfer step («:) 
times product of activity coeffi- 
cients of reactants raised to ap- 
propriate kinetic orders (x(7:"*) ) 
divided by activity coefficient of 
activated complex (7+). 

Aut = “activation energy”; change in 
chemical potential of polyelec- 
trode system required for forma- 
tion of one mole of activated 
complex from reactants for i'™ 
charge transfer step. 
interfacial inner potential differ- 
ence at dS, between metallic 
volume element dv at polyelec- 
trode surface and outermost 
portion of diffuse double layer 
in solution (Ag = Agu + vy). 
Agu = inner potential difference across 

Helmholtz double layer at dS. 

Y = inner potential difference across 
diffuse double layer at dS. 
symmetry factor of i charge 
transfer step. 

¢:', ¢:” = inner potentials of potentiometer 

leads, l’ and l” (cf. Fig. 1). 

V = measurable cell or electrode po- 
tential; V = — 

ou, Ox, = inner potentials of metallic vol- 

ume element, dv, on polyelec- 

trode surface, of reference elec- 
trode, and of solution, respec- 
tively. 

(ue) = chemical potentials of electrons 
in metallic volume element, dv, 
on polyelectrode surface and in 
potentiometer lead, Il’, respec- 
tively. 

Agrer. = equal to (¢:" — + (er — os). 

Q.., Qi... = contain decomposition frequency 

of activated complexes, concen- 

trations of reactants, reference 
electrode potential (A¢r-r.), and 
other quantities presumed in- 
dependent of dS; defined in Eq. 

[8]. 
= exponential integrals containing 

chemical potentials (which may 

vary over polyelectrode surface) ; 

defined in Eq. [8]. 
in, i- = total anodic (corrosion) current 
and total cathodic current of 
polyelectrode. 


Av 


Tie 


580 
— 
| 
Fig 
a] 
a 
a 
} 
> 
E 
3 
\ 
| 
\ 
\ \ = : 
\ | 
\ 
2 | ; 
5 
4. 
4 
5 | 
2 4 6 7) 10 
| 
4 


Vol. 106, No. 7 


K, as K, K. as K. 


is as i; 
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Qehe + ache The author wishes to express his appreciation to 
ache : Dr. G. H. Cartledge, Dr. R. E. Meyer, and Dr. A. L. 
Bacarella, all of this Laboratory, for their kind en- 


of simple polyelectrode system. 


— measurable electrode potentials 


of metals 1 and 2 (cf. Fig. 2) 

when disconnected from each 

other; occur in treatment of sim- 
ple galvanic couple. 
netal-solution potential differ- 
ences of metals 1 and 2 when 
disconnected. 

anodic and cathodic currents of 

metals 1 and 2 when unshorted. 

areas of metals 1 and 2 of simple 
galvanic couple. 

include activation energies and 

concentrations of reactants for 

anodic and cathodic partial proc- 
esses on metals 1 and 2 of gal- 
vanic couple; defined in footnote 

14. 

chemical potentials of electrons 

in metals 1 and 2 of galvanic 

couple. 

- measurable electrode potential of 
galvanic couple formed by short- 
ing metals 1 and 2. 

- total anodic (corrosion) and ca- 

thodic currents of galvanic cou- 

ple. 


= inner potentials of metals 1 


and 2 when shorted as a galvanic 
couple. 

- net currents from metals 1 and 2 
when shorted as a galvanic cou- 
ple. 


= anodic and cathodic currents of 


metals 1 and 2 when shorted as a 
galvanic couple. 

surface average current densities 
of anodic and cathodic partial 
processes. 

corrosion current density of 
polyelectrode (surface average). 
steady-state (measurable) elec- 
trode potential of corroding 
polyelectrode with no externally 
applied current. 

function taking account of effect 
of ip, I., and I. on properties of 
simple polyelectrode system; de- 
fined in Eq. [38] of Numerical 
Example. 

functions of activation energies 
of anodic and cathodic partial 
processes of Numerical Example. 


couragement in the present endeavor. 


Manuscript received Jan. 16, 1958. 


_ Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1960 JouRNAL. 
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Kinetic Studies on Corrosion Systems 
Il. The Reduction of Cupric lon on Passive Stainless Steel Electrodes 


Franz A. Posey, G. H. Cartledge, and R. P. Yaffe’ 
Oak Ridge National Laboratory, Oak Ridge, Tennessee’* 


ABSTRACT 


The reduction of cupric ion on the surface of passive stainless steel elec- 4 
trodes in aerated, dilute sulfuric acid medium has been investigated using 


potentiostatic, galvanostatic, and tracer techniques. The independent simul- 
taneity of the electrode reactions has been demonstrated. A mechanism is ad- 
vanced for the reduction of cupric ion on the oxide surface. The data are in- 


terpreted on the basis of electrochemical kinetics. 


The first paper in this series (1) (hereinafter re- 
ferred to as I) treated two-phase polyelectrode sys- 
tems under activation control, including corrosion 
systems, on the basis of electrochemical kinetics. It 
was shown in I that the results of steady-state po- 
tentiostatic and galvanostatic measurements can be 
interpreted in terms of the rates, the kinetic reaction 
orders, and the electrochemical transfer coefficients 
of the individual partial processes proceeding at the 
metal-solution interphase of a polyelectrode system 
under activation control. The present report deals 
with the results of some measurements of these types 
on a real corroding polyelectrode system. Specifi- 
cally, the effect of additions of cupric ion to solu- 
tion on the electrode potential and the rates of the 
partial processes of the system, passive stainless steel 
in aerated, dilute sulfuric acid solution, has been 
examined and compared with theoretical expecta- 
tions. 

The effect of additions of oxidizable and reducible 
substances to solution on electrode potentials and 
corrosion rates of metals has been studied by several 
workers in recent years (2-9). Numerous explora- 
tory experiments, performed in this laboratory, have 
been concerned with the effect of additions of re- 
ducible ions (and some uncharged species) on the 
electrode potential of passive stainless steel in dilute 
sulfuric acid solution (3, 4,9). A summary of these 
results is presented in Table I. Here the addition 
slope, (_-—. ) , refers to the slope of the linear 

log C, 
portion of plots of the stainless steel electrode po- 
tential (for zero applied current) against the loga- 
rithm of the additive concentration for those ions 
causing significant potential changes (> 40-50 mv 
for concentrations up to about 10° M) and for which 
the linear V — log C, relation holds (cf. Part A). 
Part B lists ions of “noble” metals which, even at 
low concentrations (10 10°M), cause large 
changes in electrode potential. However, in this con- 
centration region, it appears that steady states are 
not attained with the ions of Part B. Electrode po- 


' Present address, Department of Chemistry, San Jose State Col- 
lege, San Jose, Calif 


* Operated by Union Carbide Corporation for the U. S. Atomic 
Energy Commission 


tentials may increase with time for long periods, and 
the observations suggest that the specific rate con- 
stants of one or more partial processes change mark- 
edly with time. The reduction rates of ions in Part B 
are large (much larger than the reduction rates of 
ions in Part A) and at higher concentrations (10° — 
10°M) it appears that a metallic phase is soon pro- 
duced on the electrode surface. Following the ap- 
pearance of a metallic phase, potentials no longer 


Table |. Summary of the effect of additions of various ions 
to solution on the electrode potential of passive stainless steel 
in aerated, 0.10N H.SO, at 85°C* 


A. List of ions ‘and uncharged species) which cause significant 
potential changes and for which linear plots of electrode poten- 
tial vs. logarithm of additive concentration are obtained. 


Addition slope, 
ov Number of 
experiments 
log Cz (Vv) 


averaged 


Added group 


BrO, 0.072 1 
Cu’ 0.051 + 0.004 12 
Fe** 0.104 + 0.012 9 
HCrO, 0.098 + 0.008 10 
H.O. 0.139 + 0.005 4 
10, 0.080 1 
10, 0.160 + 0.005 2 
OsO, 0.137 + 0.003 3 
S.O,. 0.035 1 


B. List of ions which cause significant potential changes but for 
which, at low concentrations, steady states are not attained and 
which, at high concentrations, produce a metallic phase on the 
electrode surface: 


Ag’, Au***, Hg.**, Hg**, Pd**, PtCl 


Cc. List of ions which cause slight potential changes: 


D. List of ions for which no appreciable effect is detected: 
AsO,“, BiO’, Ca**, Cd**, Ce**, Cr**, Cl- (caused loss 
of passivity at high concentrations), ClO;, ClO,, 
F-, Co(NH;,).*, I-, Mn**, Na‘, Ni**t, NOs, PO,*, 
ReO,, Tl’, TcO,- 


* Medium: 150-400 ml of 0.10N HSO, at 85°C stirred at ca. 600 
rpm; pOs 0.2 atm. Electrodes: flag-shaped type 347 stainless steel 
sheet electrodes ‘abraded surface) of 2-4 cm* geometrical area, 
stems lacquered with baked G. E. Glyptal. Initial electrode poten- 
tials, before additions, occupied region + (100-200) mv vs. S.C.E. 
at 25°C and were sensibly constant (+3 mv/hr). 2.303 RT/F at 
85°C 0.071 v. 
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change with time, steady states are attained rapidly, 
and the addition slopes, as well as the potentials, 
correspond closely to those expected for equilibrium 
between oxidized and reduced (metallic) forms of 
the additives. Part C lists ions which cause very 
slight potential changes (< 10-20 mv for concen- 
trations up to about 10°M) and, finally, Part D lists 
those ions which cause no detectable change in stain- 
less steel electrode potential. 

In order to inquire further into the significance of 
the addition slopes, one of these systems was chosen 
for more detailed examination by the methods out- 
lined in I. The effect of additions of cupric ions to the 
chosen stainless steel electrode system was studied 
potentiostatically at a number of potentials in the 
passive region. From the resulting information the 
kinetic order of the reduction reaction with respect 
to the concentration of cupric ions was determined 
as well as the (electrode potential)-(current den- 
sity) relationship for the reduction of Cu” as a func- 
tion of concentration. In addition, the independent 
simultaneity of the electrode processes was demon- 
strated. The results of galvanostatic experiments, to- 
gether with the results of the potentiostatic experi- 
ments, permitted a calculation of the (electrode 
potential)-(current density) relationships for the 
anodic oxidation reaction of passive stainless steel 
and for the cathodic reduction reaction of oxygen 
dissolved in solution, these being the interphase re- 
actions present in the system before additions of 
Cu’. Tracer experiments were performed with la- 
belled cupric sulfate (using isotope of atomic weight 
64) which yielded information of interpretive value. 
The results of these experiments are reported below 
and analyzed on the basis of an electrochemical ki- 
netic model. 


Experimental 


The experimental vessel was a five-necked spheri- 
cal reaction flask of 500-ml capacity fitted with a 
short, vertical condenser to which was attached a 
mercury-seal stirrer operated by a Bodine motor 
(type KYC-23) with a step-up gear at 600 rpm. 
Standard taper (24/40) entry ports provided space 
for a thermometer, the entry of air, an auxiliary 
platinum polarizing electrode, and for the insertion 
of a stainless steel electrode. A vigorous supply of air 
was effused into the solution through a sintered glass 
disk. Standard taper joints and glass apparatus were 
used throughout the experimental assembly. Tem- 
perature was controlled by means of a Glascol heat- 
ing mantle operated from a Variac supplied with 
regulated a.c. The constancy of the ambient temper- 
ature permitted control of the solution temperature 
by this means from room temperature up to the 
boiling point to within +0.5°C. The efficiency of the 
condenser was such that no significant change in so- 
lution volume occurred for many hours, even at 
temperatures close to the boiling point. 

Measurements of electrode potentials were per- 
formed using a L&N pH Indicator (No. 7664) as a 
potentiometer coupled with a Brown recorder. The 
input impedance of this instrument is very large 
compared to the polarizability of stainless steel elec- 
trodes under almost any conditions. Potentials were 
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measured and recorded with time by the direct 
method, using a Luggin capillary bridged (with 
0.10N H.SO,) to a Ag/Ag.SO, (sat’d. in 0.10N H,SO,) 
reference electrode maintained at room temperature. 
Currents were measured with time by recording the 
voltage drop across precision resistors in the polar- 
izing circuit. Current-interrupter and other inci- 
dental studies proved ohmic potential drops in solu- 
tion between the stainless steel electrode and the tip 
of the reference electrode capillary to be negligible 
even at the highest externally applied currents em- 
ployed. External polarizing current was provided 
through high resistances by means of high voltages 
supplied by an Oregon Electronics Variable Voltage 
Regulated Power Supply (model A3A). 

Experiments were performed using abraded’ elec- 
trodes of 4 cm* geometrical surface area prepared 
from a type 347, Ta-stabilized stainless steel sheet of 
20 ml thickness. Stainless steel electrodes were at- 
tached to a stainless steel rod lead and all portions of 
the rod, the junction of the rod with the electrode, 
and a part of the electrode (except 4 cm*) were 
covered with an insulating coat of G.E. Glyptal Clear 
Baking Varnish No. 1202 which was baked at 110°C 
to a tough, acid-resistant finish. Electrodes were al- 
lowed to passivate for many hours in the environ- 
ment, 400 ml of aerated, 0.10N H.SO, (prepared from 
redistilled water) at 85°C, until constancy (+3 mv/ 
hr) of electrode potential was observed. The choice 
of the experimental temperature, 85°C, rested on the 
fact that steady states are attained very much more 
readily here than at room temperature as a conse- 
quence of the higher rates of the partial processes 
at the higher temperature. 


In the potentiostatic experiments, following the 
attainment of a steady-state potential, the electrode 
potential was maintained constant (+ 1 mv) at any 
desired value with an electromechanical potentiostat 
(10) or with a sensitive manual device. Additions of 
aliquots of a concentrated stock solution of CuSO,- 
5H.O in 0.10N H.SO, were made to the solution by 
micropipettes and the externally applied current 
necessary to maintain the chosen potential constant 
was recorded with time. In the galvanostatic experi- 
ments, a similar procedure was followed except that 
the electrode potential was recorded continuously 
with time at constant externally applied current. 

For the tracer experiments, previously irradiated‘ 
CuSO,-5H.O was dissolved in 0.10N H.SO, to form a 
stock solution, and aliquots of this were added to 
the stainless steel electrode system. In these experi- 
ments, eight stainless steel electrodes, each of 2 cm* 
area and prepared as above, were present in the di- 
lute acid environment. Electrodes were removed pe- 
riodically from solution at various cupric ion con- 

% Abrasion as a method of electrode surface preparation is subject 
to obvious objections from the standpoint of distortion of the sur- 
face structure of the metal. However, for use with the stainless 
steels, the method was found to permit a good degree of repro- 
ducibility among different electrode specimens with respect to 
initial steady-state potentials in the passive region and polarizabil- 
ity in the environment used here. These are characteristics of con- 
siderable importance in a series of galvanostatic experiments using 
different electrodes. However, it should be made explicit that cur- 
rent quantities measured here pertain only to the real electrode 
surface used. 

‘The authors are indebted to G. W. Leddicotte of the Analytical 
Chemistry Division of this Laboratory for his kind cooperation in 


irradiating samples of CuSO,-5H,O in the graphite reactor for use 
in this work. 
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centrations, rinsed thoroughly in distilled water, 
dried in a jet of air, and assayed for “Cu in a stand- 
ard well-type scintillation counter. Specific activity 
of the experimental solution at the end of an ex- 
periment was found by counting small aliquots of 
the solution which had been evaporated to dryness 
on an abraded stainless steel surface. 


Results and Discussion 


Potentiostatic Experiments 


It was shown in I that potentiostatic measurements 
permit the determination of the kinetic order of an 
individual partial process in a polyelectrode system 
with respect to the concentration of a reactant in this 
process, provided the reactant concentration can be 
varied without affecting the concentrations of other 
reactants in the system and provided two (or more) 
partial processes of the system have no common ki- 
netic orders with respect to the reactant under ex- 
amination. Thus, the kinetic order (p,) of a reaction 
(denoted by subscript 2) with respect to the concen- 
tration of one of its reactants (C,) is given by: 

lp — tpo 


(<= ) [1] 
ainc, 


Here, i, is the externally applied current in the pres- 
ence of an amount, C,, of the reactant and i,, is the 
initial applied current at the chosen electrode po- 
tential (V) before additions of the reactant (or for 
a known amount of reactant already present). Fig- 
ure 1 presents graphically the results of experiments 
of this type on the addition of Cu” to a passive stain- 
less steel electrode system. From the unit slopes 
obtained in Fig. 1, it is evident that the reduction 
reaction is first order with respect to (Cu) over the 
whole potential range investigated (—158 to +283 
mv vs. S.C.E.) and over a thousandfold variation in 
(Cu"). 

The ionic strength of the solution was essentially 
constant at » = 0.15 throughout the experiments ex- 
cept for the very highest concentrations, hence 
changes in activity coefficients have been neglected 
in the interpretation of the results. Two observations 
attest to the independent simultaneity of the elec- 
trode reactions (i.e., the presence of the additional 
partial process due to the reduction of Cu’* does not 
significantly affect the rates of the initial partial 
processes in the system): (a) i, does not vary with 
time at the various (Cu), except for the very 
highest concentrations at the lowest potentials stud- 
ied;* (b) the measured values of i,,, for each poten- 
tial, are exactly the current quantities necessary to 


* Variations of ir with time were observed at the lowest poten- 
tials at high (Curt); ip became more negative linearly with time 
at constant (‘Cur’). If, following the onset of this behavior, the 
‘eathodic) applied current was interrupted, the electrode potential 
was observed to assume very rapidly the value of the reversible 
Cu*/Cur* potential for the environment and to maintain that value 
for periods of the order of minutes before changing to more noble 
potentials characteristic of passive stainless steel in the presence of 
Cur’. This phenomenon was not observed at potentials much above 
S.C.E. even for the highest (Cur*) studied and did not occur at 
lower potentials unless ip was observed to change with time at 
constant (Cur*). For electrodes held at still lower potentials than 
those of Fig. 2, the addition of Cu** soon produced a visible metal- 
lic copper phase, and on release of applied current, these electrodes 
also showed the above behavior. Precautions were taken in studies 
at the lower potentials of Fig. 1 to minimize the effect of this addi- 
tional complication by conducting experiments as rapidly as possi- 
ble and the data of Fig. 1 contain no significant error from this 
source 
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Fig. 1. Results of potentiostatic experiments on the reduc- 


tion of cupric ion at the surface of passive stainless steel in 
aerated, 0.1N H.SO, at 85°C. 


confer linearity on the plots of log 

In Fig. 2, a Tafel-type plot, experimental points 
corresponding to log at constant (Cu’’) 
from Fig. 1 have been plotted against electrode po- 
tential, V. Solid lines are drawn through experi- 
mental data referring to constant (Cu’’). Lines of 
slope —RT/F and —4RT/F have been provided for 
comparison with theoretical expectations. The pres- 
ent system is limited with respect to the experi- 
mentally accessible potential region. At higher po- 
tentials than those studied, currents due to the re- 
duction of Cu’ are small and difficult to measure 
accurately except for very high (Cu), where 
changes in ionic strength become important. At 
lower potentials than those in Fig. 2, Cu’ is reduced 
so rapidly that the electrode surface cannot long be 
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Fig. 2. Electrode potential-current density curves for the 
reduction of cupric ion at the surface of passive stainless steel 
in aerated, 0.1N H.SO, at 85°C. 
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considered that of passive stainless steel, ip, changes 
very rapidly with time, and a metallic copper phase 
is soon produced, the properties of which are not of 
primary interest here. For partial processes under 
pure activation control and involving a single charge 
transfer step, such plots of V vs. log | ip —ip.o| 
(= | current due to added constituent |) yield straight 


lines of slope (cf. Eq. [31] in 1). Here, 


a, is the symmetry factor of the energy barrier in 
the charge transfer step of the partial process, and 
\, is the number of charges transferred across the 
interphase during the charge transfer step. 

The change of slope of the curves in Fig. 2 implies 
the existence of alternative and/or consecutive 
charge transfer steps in the mechanism for the re- 
duction of Cu” on the electrode surface.” Numerous 
mechanistic schemes have been examined for the 
purpose of finding one or more which predict the 
type of behavior observed in Fig. 2. Mechanisms in- 
volving partial diffusion and partial activation con- 
trol (assuming Fick’s first law and linear diffusion) 
or partial “reaction” (12) and partial activation con- 
trol, with a single charge transfer step, were found 
to be inconsistent with experiment in that they do 
not allow a constant slope at lower potentials, but pre- 
dict an asymptotic approach to a limiting current 
as V > — ». It can be shown that when the slope of 
the (electrode potential) - (logarithm of current den- 
sity) curves for these mechanisms is twice that of 
the upper portion, where activation is effectively 
rate controlling for a cathodic partial process, the 
current at this point equals half the limiting current. 
Inspection of Fig. 2 shows that at the lowest potential 
studied the current is already a factor of about ten 
larger than that at the point where the slope is twice 
the slope of the high potential region, with no in- 
dication of an approach to a limiting current. Fur- 
thermore, a calculation of the expected effect of con- 
centration polarization on the results at the lowest 
potentials of Fig. 2, using probable values of the dif- 
fusion coefficient of cupric ion and of the thickness 
of the Nernst diffusion layer (13), shows that little 
error is involved in neglecting changes in cupric ion 
concentration at the electrode surface for the cur- 
rents used here. A mechanism consisting of two si- 
multaneous simple reaction paths (e.g., a “two-elec- 
tron” path simultaneous with a “one-electron” path) 
is incapable of explaining the data, for it requires 
that the slope of the higher potential region of the 
(electrode potential) - (logarithm of current density) 
relation be greater than that of the lower potential 
region, whereas the reverse is observed here. 

Without discussing additional mechanisms ex- 
amined in relation to this problem, one mechanism is 
presented which is consistent with the data. This re- 
action sequence is given by: 


—_ (41) - 


k.(—e’) 


ks 


[2] 


*R. Parsons (11), among others, has discussed cases of simultane- 
ous mechanisms for the hydrogen evolution reaction. 
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The symbol Cu’'(d.l.) refers to cupric ions at the 
innermost portion of the diffuse double layer at the 
interphase, the concentration of which, for the ex- 
perimental conditions of this work (large excess of 
inter electrolyte), must be essentially equal to the 
concentration in the bulk of the solution. Because of 
the well-known multivalency of copper in aqueous 
solutions, it does not seem unreasonable to presume 
that the cuprous state is energetically accessible as 
an intermediate in the over-all process for the re- 
duction of Cu’, and the symbol Cu'(d.l.) refers to 
the postulated intermediate at the interphase. Cu’ 
(d.l.) is produced from Cu’’(d.l.) by the “one-elec- 
tron” step of electrochemical specific rate constant 
k, and (surface average) current density h. It may 
react further either by reoxidation back to Cu’’(d.1.) 
(via the “one-electron” anodic step of rate constant 
k, and current density }) or by moving across the 
interphase to a position in the stainless steel oxide 
lattice. This latter cathodic step is characterized by 
rate constant k, and current density je. The product 
of the partial process is symbolized in Eq. [2] by 
Cu® (oxide), although the observable kinetics gives 
no information on the identity of the species, which 
may be Cu’ (oxide). 

Designating the over-all (surface average) cur- 
rent density of the reduction process by j,, j, is given 
as a function of j,, j,, and j, by: 


je = ji— jet de [3] 
Denoting the concentration of Cu''(d.l.) (or the 
equivalent concentration of Cu’ in the bulk of the 
solution) by (Cu’’), and denoting the concentration 
of Cu'(d.l.) by (Cu’), Eq. [3] becomes: 


je = k,(Cu*) — (kz — (Cu’) - [4] 


Assuming that (Cu) is constant with time, that 
(Cu’) very soon reaches a steady-state value, and 
that the reaction product on the oxide surface builds 
up continuously with time (i.e., no back reaction), 
the steady-state concentration of Cu’(d.l.) is given 
by: 
ky 
(Cu?) [5] 
ky + Ks 


(Cu’) 


The over-all current density of the reduction process 
is given from Eqs. [4] and [5] by: 


[6] 


The electrochemical specific rate constants of the 
respective steps in the mechanism of Eq. [2] are 
assumed to be given by: 


V 

[7] 

k,=k,e [8] 


ky = k,e RT [9] 


4 
Tj 
Dy 
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The terms, k,, k,, and k, are presumed independent 
of the value of V, the measurable electrode potential, 
a, a, and a, are the symmetry factors of the steps in 
the mechanism of Eq. [2], and A,, A., and A, are the 
numbers of charges transferred across the interphase 
during the respective charge transfer steps (A, = A, = 

A, = 1 is assumed in the mechanism of Eq. [2]). Sub- 
stitution of Eqs. [7], [8], and [9] in Eq. [6] and dif- 
ferentiation of the resulting expression for j, with 
dk, 


respect to V, with use of the relations iv _ 


dk, adwF _ dk, adsF __ 
—— k., —— = — k,, and 
RT dV RT dV RT 
dV dV 
—- je * ——, leads to: 
d inj, dj, 
( av ) 
P, — 
RT k, + k, 
F (aA, + 4 k, + 


The behavior of the function, P,, depends on the 

ratio of k, to k,; this ratio increases rapidly with in- 

creasing V. Thus, when k. >> k, at high potentials, 
RT 1 

P, becomes P, 

F (a A, + ar, + 


and 


when k, << k, at low potentials, P, becomes P, 
RT 
-——-. The former slope (P,') corresponds, 


in the present set of experiments (cf. Fig. 2), to that 
in the potential region from +100 to +300 mv vs. 
S.C.E., while the latter slope (P,) corresponds to 
that in the region from +100 to —200 mv vs. S.C.E.’ 
Equations [6] and [10] adequately describe the pres- 
ent data on the reduction of Cu” at the surface of 
passive stainless steel in the chosen environment. 
Before calculating values of electrochemical trans- 
fer coefficients from the results of Fig. 2, on the basis 
of the mechanism of Eq. [2] and the kinetic deduc- 
tions of Eqs. [6] and [10], it is necessary to recognize 
the existence of three phases in the present passive 
metal system. The over-all electrode-solution poten- 
tial difference may be considered to be composed of 
three parts: (a) the metal-metal oxide potential dif- 
ference; (b) any potential difference existing be- 
tween the inner and outer boundaries of the oxide on 
the passive metal; and (c) the oxide-solution poten- 
tial difference. In the absence of a quantitative ki- 
netic theory of the passive state which takes into ac- 
count all the above potential differences, a theo- 
retically exact interpretation of the system studied 
here does not seem possible at the present time. 
However, the values of the electrochemical transfer 
7 No evidence was found in this system for the existence of a sig- 
nificant direct “two-electron” reduction path for Cu** f a path 


of this type is included in Eq. [2], it is found that P, (cf. Eq. [10}) 
can then possess four constant values in four ranges of potential, 
and the plot of V vs: log js for the mechanism possesses the aspect 
of an inclined “W", in which the two inner portions (or “legs"’) are 
described by Eqs. [6] and [10] and the two outer portions refer to 
the additional “two-electron” path. Thus either the experimentally 
accessible range of electrode potentials for this system does not per- 
mit observation of regions at very high and very low potentials 
corresponding to predominance of a “two-electron” path, or else 
such a path is nonexistent 
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coefficients calculable from the present data and Eq. 
[10] do find a reasonable interpretation on the basis 
of a model developed in collaboration with Meyer of 
this laboratory (14). 

In the model it is assumed that the rate constants 
for the transport of positive ions and oxide ions 
through the passive oxide layer on stainless steel are 
quite large compared to the rate constants for the 
transfer of positive ions from metal to oxide and 
from oxide to solution. Hence it is assumed that any 
potential difference between the inner and outer 
boundaries of the oxide is negligible compared to the 
potential differences at the metal-metal oxide inter- 
phase and at the oxide-solution interphase. It is as- 
sumed also that the concentration of metal ions is 
essentially constant everywhere in the oxide. The 
current density for the transfer of positive ions from 
metal to oxide is assumed to be given by: 


am\aF 
+ —— 


ju = Kye [11] 
Here, ju is the (surface average) current density of 
the transfer step, Ky, contains the potential-inde- 
pendent portion of the specific rate constant of the 
charge transfer step and the concentration of ions in 
the metal, a, is the symmetry factor of the energy 
barrier at the metal-oxide interphase, A, is the 
charge of the metal ions, and Ady, is the inner poten- 
tial difference between metal and oxide. The current 
density for the transfer of positive ions from oxide 
to solution (js) is given by: 


[12] 


Here, K, is analogous to Ky of Eq. [11], as is the 
symmetry factor of the energy barrier at the oxide- 
solution interphase, A, is as defined in Eq. [11], and 
Ads, is the oxide-solution potential difference. It is 
assumed that the back reactions corresponding to 
Eqs. [11] and [12] can be neglected. Since it has 
been presumed that the potential difference through 
the oxide is negligible, the total metal-solution po- 
tential difference (Ad¢,) is given by: 


Adr = Ady + Ads [13] 


Equations [11], [12], and [13] may be solved simul- 
taneously and, for steady-state conditions (ju = js), 
lead to the current density of the anodic process (j.), 
which is given by: 


as an heF 
- + - 
[14] 
Furthermore, the current density of a cathodic 


ja = ju = js 


partial process (j,) under pure activation control 
with one charge transfer step and proceeding at the 
oxide-solution interphase may be written as: 


arheF 
——— Ads 


j= K,e RT 


[15] 


Here, K, is analogous to Ky and Ky, of Eqs. [11] and 
[12], a, is the symmetry factor of the barrier at the 
oxide-solution interphase, and \, is the charge trans- 


% 
as\oF 
+ Ads 
js=K,ze 
] 
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ferred across the interphase during the cathodic 
charge transfer step. Equation [15], together with 
the value of Ads obtained by simultaneous solution 
of Eqs. [11], [12], and [13], leads to: 


GrXe 


Ky (am + - — Agr 
= K.(— ) e [16] 


It is evident that, for this case, the “over-all” sym- 
metry factor for the anodic partial process is given 


by ——“““_. so that, if the energy barriers are sym- 
ay + as 


metrical (i.e., ay = as = %), the over-all symmetry 
factor is 4%, instead of the % observed frequently 
for two-phase polyelectrode systems. Likewise, the 
over-all symmetry factor for the cathodic partial 


a,;Ay 


process, . is also % if a, = ay = as = 2. 


ay + as 

If it is assumed that the preceding model holds for 
the case of passive stainless steel, and that a, a., and 
a, of Eqs. [7]-[10] are “over-all” symmetry factors 
having values of 4%, while A, = A. = A, = 1 in accord 
with the mechanism of Eq. [2], the values of P, cal- 
culated from Eq. [10] for the higher and lower po- 
tential regions of the (electrode potential) -(loga- 
rithm of current density) plot (cf. Fig. 2) are P,” = 
—1.33 RT/F and P, = —4 RT/F, respectively, com- 
pared with the observed values of —1.14 RT/F and 
—3.71 RT/F. The agreement seems satisfactory since 
exactly symmetrical energy barriers are not neces- 
sarily expected. The slope of the higher potential 
region in Fig. 2 (P,") is P,* = —0.082 (V); hence it 
follows that (aA, + aA, + asd;) = 0.87. The slope of 
the lower potential region is P, = —0.263 (V), lead- 
ing to a value of a,j, = 0.27; and if A, is presumed 
equal to unity as in the mechanism of Eq. [2], a, 
0.27, in good agreement with the assumption of two 
fairly symmetrical energy barriers for the anodic 
process in the system. From the values of a,A, and of 
P,”, it follows that (aA. + aad;) = 0.60, and if A, and 
A; are also equal to unity, (a: + a;) = 0.60, also in 
reasonable agreement with the mechanistic concep- 
tions outlined above. No further separation of (a: + 
a;) into its constituents appears possible from these 
data. 


Galvanostatic Experiments 


An elementary theory of the effect of additions of 
a reducible constituent to solution on the electrode 
potential of a polyelectrode system with only one 
anodic and one cathodic partial process initially 
present was presented in I. There it was shown that 
the slope of the (electrode potential) - (logarithm of 
additive concentration) plot is given by: 


AV RT de 
on 


Here, j, and j. are the (surface average) current 
densities of the anodic and cathodic partial processes 
initially present in the system; in the system studied 
here these are the oxidation of stainless steel constit- 
uents and the reduction of molecular oxygen dissolved 
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in solution. The current density of the added reduci- 
ble constituent is denoted by j,, where j, is defined 
for the present system by Eq. [3], a,A, is given from 
Eq. [10] by — — . = and p, is as defined in Eq. 
[1]. The appropriate values of a,, a,., and a, for use in 
Eq. [17] are the “over-all” symmetry factors of the 
respective processes, as discussed in the previous sec- 
tion. The applied current density is given by jp 
i je— jes so that when je >> ie (at higher concen- 
trations of the added reducible constituent), jp = 
— and Eq. [17] reduces to: 


RT de 
( —— P, | aA, + ad, | 1 + — [18] 
F de 


Equation [18] predicts a constant slope when j, = 0, 
in accord with experimental observations. The po- 
tentiostatic experiments have shown that p, equals 
unity for the reduction of Cu’ on the surface of pas- 
sive stainless steel. 

Figure 3 presents the results of galvanostatic ex- 
periments on the present system and Fig. 4, con- 
structed from the data of Fig. 3, shows how the slope, 


es , varies with C, for various values of 
log ip 


jr. For comparison with theory, the analogous be- 
havior of an idealized system is shown in Fig. 5 and 
6. For the construction of these theoretical diagrams, 
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Fig. 3. Variation with applied current of the effect of cupric 
ion on the electrode potential of passive stainless steel in 
aerated, 0.1N H.SO, at 85°C. 
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Fig. 5. Theoretical variation with applied current of the 
effect of an added reducible constituent on the electrode 
potential of a polyelectrode system (see text for description 
of model) 


73333 > 

n 


Fig. 6. Theoretical variation of the slope, (@ V/d log 
Cys», with the applied current density and with the con- 
centration of an added reducible constituent for a poly- 
electrode system 


a model was used having the following electrochem- 
ical kinetic parameters. k,, k., and k, of Eqs. [7]-[9] 
were assumed to be given by the relations: k, = 44.3 
and k,/k, = 8.59 x 10°. In accord with the mechanism 
of Eq. [2] and with the dual barrier model discussed 
in the previous section, a, Ms and Aj, 

A, = Ay = 1. The current density of the anodic process 
was assumed to be of the form of Eq. [14]; specifi- 

@ahoF 
V 


cally, j, =1.21x10" e AT with A, = 2 and a, 


Xs 
(the over-all symmetry factor equal to oman of 
Eq. [14]) 4. Likewise, the current density of the 
cathodic process was assumed to be of the form of 
Vv 


Eq. [16]; specifically, j.=9.55x10%e  , with 
. 1 and a, (the over-all symmetry factor equal to 


Eq. [16]) 


Gy Gs 
selected to correspond closely, except for tempera- 
ture (T = 25°C), with those calculable from the re- 
sults of the potentiostatic experiments on the re- 
duction of Cu’ and with those calculable from the 
polarizability of the system before additions of Cu’’. 
The agreement between the forms of the curves for 
theoretical and experimental systems seems satis- 
factory. 

The linearity, at high (Cu‘'), of curve A in Fig. 3 
is evidence for the independent simultaneity of the 


4. These parameters were 
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two partial processes, oxidation of steel constituents 
and reduction of Cu’, in agreement with evidence 
from the potentiostatic experiments. In this linear 
region, the reduction current of dissolved oxygen is 
negligible compared to that for the reduction of Cu”, 
hence the latter current very nearly equals the cur- 
rent for the oxidation of the steel constituents. 
Therefore, from the results of Fig. 2 and 3, the (elec- 
trode potential)-(logarithm of current density) re- 
lationship for the anodic (corrosion) reaction can be 
calculated. This is found to be linear and to exhibit 


aV 
~ ) = 0.164; hence it follows that 


a slope of ( 
0 log ja 


aA, = 0.43. This result is consistent with a value of 
\, (an average value since stainless steel is composed 
of three important oxidizable species) in the vicinity 
of two and slightly asymmetrical energy barriers for 
AyAs 


the anodic process (cf. Eq. [14] with a, 


ay + as 


Knowledge of a,A, and je as a function of V per- 
mits a calculation of the corresponding quantities 
for the reduction reaction of dissolved oxygen from 
the polarization curve for passive stainless steel in 
the absence of Cu’*. The (electrode potential) - (log- 
arithm of current density) plot for this reaction was 


av 
—0.275; 


found to possess a slope of ( 
log j. 


hence a,.d, = 0.26, in agreement with a “one-elec- 
tron” process for the reduction of oxygen and an 
over-all symmetry factor for the process of approxi- 
mately 144. The values of a,\, and aA, are seen to be 
consistent with the dual barrier model discussed 
above which was invoked to interpret the potentio- 
static experiments on the reduction of Cu’’. If the 
values of a,A, and a,A, reported above are substituted 


av 


cage) has the value 0.054 
log C, 


into Eq. [18], ( 
(V) when j, = 0. This value is identical to that ob- 
served experimentally, as seen in Fig. 3 and 4. If the 
values of aA, and a,d, found in this work are sub- 
stituted into Eq. [18] for the temperature, 25°C, a 
slope of 0.046 (V) is predicted. This value compares 
favorably with that [0.048 (V)] obtained on plot- 
ting data [in a V vs. log (Cu”') diagram] of other 
workers (5) on the effect of Cu’ on the electrode po- 
tential of 18-8 stainless steel in 0.2N H.SO, at 25°C. 
An increase in cupric ion concentration from zero to 
10°M in this system, with j, = 0, increases the corro- 
sion rate of passive stainless steel from 2.9 x 10™ 
amp/cm* to 3.0 x 10° amp/cm’*. 

Part A of Table I lists those ions for which a linear 
relationship between electrode potential and loga- 
rithm of additive concentration is observed for zero 
applied current. The model of the passive stainless 
steel interphase outlined above also assists in the in- 
terpretation of the values of the addition slope, 


( =~) , for some of these systems. Thus, as- 
0 log C, 
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Fig. 7. Typical results of tracer experiments using “Cu*'— 
relationship between amount of copper retained by electrode 
surface and [Cu**] in solution. 


suming over-all symmetry factors of a = % for the 
reduction processes of each of the additives and the 
value of aA, reported above, the following approxi- 
mate values of A, are calculable from the addition 
slopes and Eq. [18] for jp = 0: Fe*** = 1; HCrO, = 1; 
BrO, 2; and IO, = 2. These values seem in rea- 
sonable agreement with known facts about the solu- 
tion chemistry of these ions. The other groups in 
Part A, consisting of peroxy species and ions of high 
oxidation state, may involve complicated reaction 
sequences for reduction, instead of simple one-step 
mechanisms necessarily assumed in the calculations 
for the above ions (HCrO, may also belong in this 
category). 


Tracer Experiments 


A typical set of tracer results is shown in Fig. 7. 
Calculated values of the amount of copper reduced 


by the path of specific rate constant k, of the mech- 
anism suggested in Eq. [2], as a function of (Cu’’) in 
solution, are included for comparison. Calculated and 
experimental values are in good agreement below 
(Cu’*) 10°M; at higher concentrations, the order 
of magnitude is still correct, but the numerical 
agreement is poorer (theoretical and experimental 
values differ by a factor of about three at (Cu) - 
10°M).° Although the results of the tracer experi- 
ments offer some support for the mechanistic con- 
ceptions outlined above, the quantity measured is not 
particularly well defined, as the procedures followed 
in rinsing and drying electrodes for assay of radio- 
*The discrepancy between theory and experiment in Fig. 7 at 
higher (Cu**+) may be removed by assuming additional paths for the 
destruction of the cuprous intermédiate in the mechanism of Eq. 
{2}, such as diffusion of the intermediate away from the interphase 
before it can react at the surface or reaction of the intermediate 
with molecular O» from the solution. The additional paths are not 


included in Eq. [2], however, since this would complicate the analy- 
sis unduly. 
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activity may have involved unknown errors. Never- 
theless, these tracer experiments and some other 
tracer studies on the amount of copper retained by 
the electrodes as a function of time at constant 
(Cu’*) do support the contention that the product 
of the final reduction step, the path of specific rate 
constant k, in Eq. [2], builds up continuously with 
time on the oxide surface. Further tracer studies 
have demonstrated the “irreversibility” of the final 
step in the mechanism of Eq. [2]. If galvanostatic 
experiments at zero applied current are performed 
with “Cu”, in which the solution is subsequently re- 
placed with fresh, copper-free solvent, the electrode 
potential returns to its initial value observed before 
additions of Cu’’. However, the amount of copper 
retained by the electrodes in the copper-free solu- 
tion is identical, within expected experimental error, 
to that retained by similar electrodes withdrawn 
from solution before changing solvents. 

The potentiostatic, galvanostatic, and tracer ex- 
periments, together with the mechanism of Eq. [2] 
and a dual barrier model for the anodic (corrosion) 
reaction of passive stainless steel, offer a self-con- 
sistent picture of the present polyelectrode system 
and afford a mechanistic basis for interpreting the 
results of experiments like those reported in Table I. 
There seems little doubt that similar studies, involv- 
ing the theory and techniques outlined in I and used 
here in a concerted study of a single system, would 
prove valuable in analyzing other corroding poly- 
electrode systems. 


Manuscript received Jan. 16, 1958. 


Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1960 JouRNAL. 
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Effects of Chloride on the Orientation of Nickel Deposits 


B. C. Banerjee and A. Goswami 
National Chemical Laboratory, Poona, India 


ABSTRACT 


The effects of chloride ions in a nickel bath have been studied. Chloride ions 
generally counterbalance the outgrowth condition due to impurities and favor 
lateral growth; this is attributed to the desorption of the impurities from the 
cathode, which facilitates the electron-transfer process. 


In a series of papers (1-3) Goswami and his co- 
worker have shown that the preferred orientation of 
an electrodeposit can be altered by an appropriate 
change in the bath conditions such as pH, current 
density (c.d.), temperature, rate of stirring, bath 
compositions, additives, etc. Finch, et al. (4,5) first 
recognized that the crystal orientations were related 
to the modes of ways in which crystals were grow- 
ing and these were loosely termed as (a) out growth 
deposits, when the most densely packed atom rows 
of deposit crystals were normal to the substrate-sur- 
face, (b) lateral growth deposits, when a densely 
packed lattice plane containing the most densely 
packed lattice rows was parallel to it, and (c) other 
types of growth exhibiting complex orientations. In 
f.c.c. metals, out growth deposition condition is de- 
noted by the appearance of {110}. orientation, whereas 
lateral growth is denoted by {100} or {111}. The last 
orientation was never observed during electrode- 
position of nickel but was observed (6) during 
chemical reduction from a nickel hypophosphite bath. 
The mixed {211} + {1010},.. which come primarily 
from the initial {100} orientation have also been 
shown (7, 2) to be of lateral growth type. 

In preliminary experiments it was observed that 
the out-growth condition of nickel deposition in 
presence of impurities as reported (8) earlier can be 
modified to lateral growth type by addition of so- 
dium chloride. Since chloride ion is known to in- 
crease the bath conductivity (9-11) and also facili- 
tate electron transfer process (12, 13) at the cathode, 
it was deemed necessary to study its effect on the 
structure of nickel deposited from impure baths and 
gain an insight into the mode of cathodic crystal 
growth process. 

Experimental 

Nickel was deposited on mechanically polished 
brass substrates from baths containing NiSO,, 7H.O 
280 g/l and H,BO, 31 g/l in presence of varying 
amount of aluminum sulfate, chromium sulfate, 
chromic acid, benzaldehyde, nitrobenzene, glycine, 
gelatine, benzene disulfonate, and 1:3:6 sodium salt 
of naphthalene trisulfonate at constant c.d. (~10 
ma/cm’) and temperature (~24°C). 

Deposition was carried out to well beyond the 
stage where polycrystalline deposits developed pre- 
ferred orientations characteristic of bath conditions. 
The pH of the solution was adjusted so that the de- 
posits were lateral growth type in the absence of im- 
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purities (8). After each addition of impurities or 
sodium chloride the deposit orientation was deter- 
mined by electron diffraction (reflection method) in 
the usual way. Other experimental conditions such as 
pH adjustment, method of deposition, etc., were 
similar to those already described (1-3). 


Results and Discussion 


Electron diffraction studies revealed that the poly- 
crystalline deposits, which were initially unorien- 
tated, developed one or another orientations depend- 
ing on the amount and also on the nature of the 
additives. The results (Table I) showed that with in- 
creasing amount of impurities, at high pH region, the 
deposit crystals favored {110} orientation, but {210} 
at low pH values. This later orientation has been 
ascribed to hydrogen adsorption (2,3) by the deposit 
crystals. The addition of sodium chloride suppressed 
these orientations and eventually led to {100} or 
{211} + {1010}... or a mixture of them. This, how- 
ever, signifies that the crystal growth process was 
considerably modified to give lateral growth de- 
posits (2,7). Both the out-growth or lateral growth 
conditions of deposition could be induced by the 
alternate addition of suitable amount of impurities 
or sodium chloride. This is demonstrated clearly 
with chromic sulfate and gelatine in the results 
marked with asterisks (Table I) and is likely to be 
true for others also. 

Factors which control the crystal growth process 
at the cathode have been described by various work- 
ers (1-5). An important feature in the growth proc- 
ess in the present cases is the adsorption of basic 
salts or hydroxides of the inorganic impurities (8) 
or of the organic compounds which are good surface 
active agents (14, 15). The deposition will, however, 
be influenced both by the extent of equilibrium cov- 
erage of the cathode surface area and also by the rate 
of adsorption/desorption process (16). In any case, 
the result will be the out-growth deposition condition 
either due to depletion of metal ions at the cathode 
surface region as discussed in the previous paper (8) 
or to an increase in c.d. resulting from the decrease 
in surface area. That high c.d. favors {110} orienta- 
tion even at different pH and bath composition is 
evident from Table II. Increase in c.d. also raises the 
cathode polarization. The interdependency between 
modes of crystal growth process or the preferred ori- 
entation and cathode polarization in presence of or- 
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Table |. Effect of concentration of sodium chloride on the orientation of nickel deposited from baths containing various impurities 


Conc. of NaCl 
pH Impurity g/l 0 20 40 60 80 100 
Name Conc, 
g/l 
3.1 Aluminum 0 100 
sulfate 
0.8 100 + 210 
1.0 210 210 210 + 100 100 + 211 + 
1010 
5.2 0 100 
1.2 100 + 210 
1.4 210 210 -, 100 100 + 211 + 
1010 
3.1 Chromic 0 100 7 
sulfate : 
0.3 210 210 210 210 211 + 1010 
5.05 0 100 
0.35 100 + 110 
0.45 110 
0.65 110 110 100 + 211° + 
1010 
+0.2* 110 _ 2114+ 1010 211+ 1010 
5.9 Chromic 0 211 + 1010 
acid 
0.07 211 + 1010 
+110 
0.12 110 110 110 211+ 1010 211 +4 1010 
3.1 Gelatine 0 100 
0.02 100 + 210 
0.03 210 210 + 110 110 + 100 211 + 1010 
§.2 0 100 
0.06 110 211 + 1010* 
+0.08* 110 110 211 + 1010 
4.4 Nitrobenzene, 0 100 
Benzaldehyde 
0.30 110 110 110 110 21141010 211 + 1010 
Naphthalene 0 100 
trisulfonate 0.1 Pattern not 110 211 + 1010 
clear 
5.8 Glycine 0-4 100 
6 110 110 110 110 110 110 


* Chromic sulfate and gelatine added. 


Table II. Effect of current density on the orientation of nickel deposits 


c.d. in 
Bath wr 20 40 70 100 200 300 
pH 
A 3.1 100 210 210 + 110 110 110 
5.1 100 100 + 210 210 + 110 210 + 110 110 
B 5.1 211 + 1010 211 + 1010 211 + 1010 210 210 110 110 
Cc 3.7 100 100 + 210 210 210 + 110 110 110 


A — NiSO,-7H.0 280 g/l + H.RO, 31 g/l. 
B — NiCl.-6H.O 150 g/l + H;BO; 31 


C — NiSO,-7H.0 280 g/l + NiCl.-6H. 48 g/] + H,BO, 31 g/l. 


ganic brighteners in nickel baths has been pointed 
out by one of us (A.G.) in a recent paper (2). 
Sodium chloride seems to suppress completely or 
at least minimize the effect of factors such as (a) 
adsorption of compounds at the cathode, (b) film 
formation in the catholyte resisting the supply of 
ions and hindering the electron transfer process, (c) 
complex ion formation, etc., which contribute to out- 


growth deposition condition. Hoar (17) has empha- 
sized that adsorption is essentially a dynamic proc- 
ess and equilibrium may be shifted by altering addi- 
tives. That sodium chloride facilitates the desorption 
process is clearly shown from the results with naph- 
thalene trisulfonate. The deposits were highly lus- 
trous with this additive, but did not yield any clear 
diffraction patterns which were only ill-defined and 
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diffuse. By the addition of sodium chloride, the de- 
posit crystals became less and less lustrous and 
finally became dull and even blackish, similar to 
those obtained from a chloride bath (3). Such sur- 
faces yielded clear diffraction patterns, revealing 
that the deposits had developed {211} + {1010}... 
orientations. That the loss of details of electron dif- 
fraction pattern in the above was not due to non- 
crystallinity, but due to adsorption of organic com- 
pounds, was shown from x-ray pattern of the 
stripped films, which consisted of rings indicating the 
crystalline nature of deposits. X-rays, because of 
their higher penetrating power, are scattered by the 
underlying metals, whereas electrons are scattered 
by surface layers which in the present case contained 
adsorbed additives. The alternate addition of naph- 
thalene trisulfonate and sodium chloride made the 
deposits bright and dull, with their characteristic 
surface structures as discussed above. 

These results suggest that chloride ions facilitate 
the desorption process of the surface active com- 
pounds at the cathode surface and produce more sites 
for depositions, thus reducing the current density 
and hence contributing to lateral growth. The de- 
polarization of cathode potential in a gelatine-cop- 
per sulfate bath with halide ions has been explained 
similarly (18). In the competition between chloride 
ions and surface active agents or other impurities to 
get adsorbed at the growing cathode surface, it is 
likely that the former, because of its polarizability 
(19), prevails over the others. This will also help the 
electron transfer process and favor lateral growth 
condition. The observation that chloride ions facili- 
tate the deposition of metals (9-11) and the sug- 
gestion that the formation of chloro or aquo-com- 
plexes helps the electron transfer process during 
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nickel deposition (12, 13) are also in agreement with 
our results. 
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On the Jet Etching of N-Type Si 


Paul F. Schmidt and David A. Keiper 


Research Division, Philco Corporation, Philadelphia, Pennsylvania 


ABSTRACT 


The rate of jet electropolishing of low resistivity n-Si is controlled by two 
factors: supply of injected minority carriers and rate of dissolution of the SiO. 
film. The current through the oxide changes from ionic to electronic, i.e., the 
silicon becomes passive, if the oxide thickness increases beyond a critical 
value. The hole supply determines the amount of etching which can occur when 
the Si is not passivated by a thick oxide layer. 


A general description of this process has been 
given before (1). The present paper is concerned 
with the mechanism of the etching process and with 
the rate and quality of etching, which is important 
from the economic point of view; not only is it neces- 
sary to etch fast, but the resultant surface also must 
be polished completely for subsequent device appli- 
cations. 

Anodic dissolution of a metal involves the removal 
of positive ions from the metal lattice under the ac- 
tion of the applied electrostatic field. In n-type semi- 
conductors having an appreciable width of the for- 


bidden gap there are no positive ions, except the few 
donor atoms and the very few lattice ions corre- 
sponding to holes in the valence band. In principle, 
the hole concentration can be increased by raising the 
temperature of the system. However, this approach 
is of no help on heavily doped n-Ge because of 
the very small hole concentration in this material at 
room temperature. The hole concentration at 100°C 
has not increased sufficiently to maintain any ap- 
preciable etching currents. (For 0.1 ohm-cm n-Ge 
the electron conventration is n = 2.0 x 10" cm”. The 
intrinsic product for Ge at room temperature is n,’ - 
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n-p = 6.25-10”, so that p = 3.7 x 10" cm”. At 100°C 
the intrinsic product has increased to 2.6 x 10” cm”. 
Assuming that n.,- is approximately the same as 
Nwor; WOuld be approximately 1.3 x 10" cm™.) 
With increasing bias, therefore, either discharge of 
anions in the electrolyte or breakdown of the surface 
barrier of the n-Ge must occur. This breakdown is 
usually very undesirable because it does not occur 
evenly over the anode surface and thus leads to pit- 
ting. Use of higher boiling electrolytes than water is 
not readily possible because of the low solubility of 
the reaction products in nonaqueous electrolytes. 
Also viscosity problems are troublesome. On Si with 
its wider gap appreciable thermal generation of 
hole-electron pairs is almost out of the question for 
jet operation. 

For these reasons hole-electron pairs are gener- 
ated by optical excitation of electrons from the va- 
lence band, and strong illumination is employed in 
the etching of both n-Ge and n-Si. This need for 
strong illumination is a common feature in the etch- 
ing of n-Ge and n-Si. Differences in behavior are 
caused on one hand by the smaller gap of Ge and on 
the other by the relatively good solubility of GeO, in 
water as compared to SiO,. 

Mechanism of electropolishing.—Electropolishing 
proceeds under conditions of strong polarization. 
Differences in work function of the individual crystal 
faces, or due to degree of crystal perfection, or dif- 
ferences in conductivity of semiconductor material, 
must be small compared to the overpotential of the 
process; otherwise preferential etching would result. 

On metals which form very stable oxides, the 
necessary polarization during electropolishing can be 
provided by an oxide having such a rate of dissolu- 
tion in the given electrolyte that rate of anodic film 
growth and rate of dissolution of the film can be 
balanced. 

The applied electric field pulls ions through the 
film, cations from the metal, and anions from the 
electrolyte interface; they combine to form more 
oxide [the older theory of anodic oxide growth by 
Mott and Cabrera regards only the cations as mobile: 
recent evidence favors the mobility of both cations 
and anions, at least for some systems (2,3) ]. At the 
same time the oxide dissolves in the electrolyte; un- 
der steady-state conditions the oxide thickness does 
not change. The differences in work function’ of the 
individual crystal faces are small compared to the 
activation energy for migration through the oxide 
film,? which in turn is small compared to the activa- 
tion energy necessary for migration through the 
oxide at a point not favored by the presence of a 
vacancy or other defect. 

An increase in current density at any spot would 
increase the rate of film growth there; the rate of 
dissolution by the electrolyte would not increase as 
readily (it may increase somewhat because of a local 
rise in temperature and greater disorder of the film 
structure; cf. however, discussion on “Characteristics 
of SiO, films’). For a given applied bias, the field 
strength in the oxide decreases very rapidly with 


1 Work for removal of a positive ion from the crystal. 


2 At least in the “high field” case which is realized in jet etch- 
ing (2). 
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increasing thickness. The rate of reaction at this spot 
must therefore decrease to its old value. Thus there 
results a complete masking of local differences in 
etch rate of the metal surface itself. 

It is hoped to present here evidence that an oxide 
film is present on Si during electropolishing in aque- 
ous solvents, but it has not been shown that the oxide 
film must be present and that other anions, e.g., 
halides, cannot play the same role as oxygen. 


Electropolishing of N-Si 

The jet electropolishing of Si is possible in aque- 
ous or alcoholic solutions containing fluoride ions. 
Prior to this investigation the jet etching of n-Si was 
done with a 0.2N solution of NaF + 5 cc 48% HF/ 
1000 ml H.O. Under illumination with a Bausch and 
Lomb reflector lamp electropolishing currents not 
higher than 3.0 ma were possible with a 10 mil jet. 
A further increase in light intensity did not increase 
the etch rate. 

This limitation of the etching currents could be 
due to (a) an insufficient hole supply, or to (b) a 
slow chemical step, or to both. 

In order to check the first possibility, it was neces- 
sary to know (a) the absolute intensity of illumina- 
tion expressed in number of photons of energy 
greater than the gap width, and (b) what fraction of 
this number is available for the etching process, 
allowing for the unavoidable losses by reflection and 
by bulk and surface recombination. 


Experimental Methods 


The intensity of illumination was determined by 
shining the focused beam of a 1 kw projector lamp 
through a narrow opening in the lid of a Dewar 
flask into a dilute solution of india ink in water. A 
water filter of 2 cm thickness inserted in the path 
of the beam cut off wave lengths greater than 1.2 » 
which do not create hole-electron pairs in Si. The lid 
of the Dewar consisted of cork, covered with re- 
flecting aluminum foil both on the inside and the 
outside. The india ink solution was stirred gently to 
obtain a uniform temperature distribution. The rise 
of temperature with time of illumination was meas- 
ured, as was the drop of temperature with time after 
switching off the light. The total energy absorbed 
thus could be calculated from the known heat capac- 
ity of the solution and could be corrected for heat 
losses during illumination. The latter correction 
proved to be very small. 

Knowing the color temperature of the tungsten 
filament, approximately 3200°K, the total energy 
input, and assuming that the energy distribution vs. 
wave length for the tungsten filament is essentially 
the same as for a black body radiator, the total num- 
ber of photons of wave lengths shorter than 1.2 can 
be calculated. This also gives the number of photons/ 
cm’ x sec for a given size of the illuminated area. 

Knowing the reflectivity of the Si the number of 
photons is obtained which penetrate into the Si and 
create hole-electron pairs 

The next step was to determine experimentally 
the fraction of the injected holes that are lost by 
bulk or surface recombination before they can be 
collected by the anode process. Since the rate of 
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recombination could change at very high light in- 
tensities, it was also necessary to determine the hole 
flux that could be collected as a function of light in- 
tensity. This was done by shining light of a known 
intensity on the front surface of a photodiode on 
n-Si, while maintaining a reverse bias of 0.25 v 
across the diode. Light intensity was varied by in- 
serting Kodak-Wratten neutral density filters in the 
path of the light beam. 

Since illumination introduces a forward bias of the 
diode, the applied reverse bias had to be increased in 
order to maintain the effective bias at 0.25 v. This 
procedure does not take into account the change in 
voltage drop with current across the base contact 
and across the bulk of the diode; it is, therefore, only 
a rough approximation. However, the current under 
illumination does not depend strongly on the mag- 
nitude of the applied reverse bias for the given re- 
sistivity of the Si. 

Before the hole current collected can be compared 
to the hole current injected a further correction must 
be applied because the diode collects holes not only 
from the area directly in front of it but also from the 
surrounding area by lateral diffusion of holes.* The 
absolute amount of this contribution to the current 
increases with the circumference of the contact. The 
relative importance, however, depends on the ratio 
of contact radius to diffusion length for holes. For the 
photodiode employed it will increase the current by 
a factor of about 2. Collection of holes by the jet also 
differs from collection of holes by the photodiode in 
that the concentration of injected holes is greatest 
immediately underneath the Si surface; it must be 
expected therefore that the jet will be a more effi- 
cient collector than the photodiode. Thus the ex- 
periments with the photodiodes only give a lower 
limit for the supply of holes which may be expected 
to be available for the anode process. 


Results 

Determination of light intensity.—Total energy 
input into calorimeter by 1 kw projector lamp, with 
water filter inserted, was equal to 0.70 w. The light 
beam was focused uniformly over an area of 0.08 
cm’. For this setting, which also was used in the ex- 
periments with the photodiodes and during jet etch- 
ing, a total number of photons of 5 x 10"/sec x cm* 
in the wave-length region 0.3-1.2u is calculated from 
the color temperature of the tungsten filament 
(3200°K). 

Corrections for reflection losses and for collection 
of holes by lateral diffusion.—Table I gives the perti- 
nent data for the n-Si photodiodes employed. For the 
diode area of 1.9x 10“ cm’ the photon flux is 9.5 x 
10” sec. 


Provided the illuminated area is larger than the diode area, as 
was the case in our experiment 


Table | 
Bulk 
lifetime Base thickness 
after Resis- in front of 
alloying, tivity, recrystallized Area of 
sec Material ohm-cm region, contact 
9 n-Si alloyed 0.7 to 1.3 5.0 1.9 10°* cm? 


Al contact 
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Fig. 1. Response of photodiode on n-Si vs. light intensity 


The reflectivity of Si as a function of wave length 
in the visible has been given by Coblentz (4). Taking 
into account the change of reflectivity with wave 
length it was found that for the energy distribution 
of the tungsten filament an average reflectivity of 
29° can be employed for the spectral region 0.3- 
1.2. 

An average reflectivity’ of 29% converts the num- 
ber of 9.5x 10” photons/sec incident on the diode 
area to 6.8 x 10” photons penetrating into the silicon, 
equivalent to a hole current of 1.1 ma. 

Due to the above mentioned affect of lateral dif- 
fusion, however, a current of about 2.2 ma may be 
expected. 

Diode response vs. light intensity.—Figure 1 shows 
diode current vs. light intensity and also indicates 
the transmission factors of the filters used. 

The diode response is practically linear. As already 
mentioned, this can be only an approximation be- 
cause the change in voltage drop with current across 
bulk of the diode and base contact has been neg- 
lected. 

At the highest light intensity the diode response 
was 0.87 ma, i.e., about 40% of the injected holes 
reached the collector. 

Correction for reflection losses during jet etching. 
—Since under our experimental conditions of jet 
etching.the light was not perpendicularly incident on 
the Si surface but within 15° of the perpendicular, 
and because additional reflection losses are intro- 
duced by the jet stream, the above figure needs a 
further correction before it can be used to estimate 
the expected etch rate. It was found that the diode 
current decreased by about 40% when an electro- 
lyte jet was directed against the front surface of the 
diode and the light was incident within 15° of the 
perpendicular. 

Applying the above corrections indicates that at 
least 1 out of every 3 incident photons should be 
available to the etching process, based on the etched 
area. 

Discussion 

From the fact that there is no levelling off of the 

photodiode response at very high light intensity, and 


* Actually, the reflectivity may also depend somewhat on intensity 
of illumination (5, 6). 
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from the fact that there is a definite correlation be- 
tween low light intensity and etching currents be- 
low 3 ma/10 mil jet, it may already be concluded 
that the limitation of 3 ma is imposed by a slow 
chemical step and not by an insufficient hole supply 
(at very high light intensities). 

As a check, we can now compare the hole supply 
and therefore also the expected etching current un- 
der illumination with the 1 kw projector lamp to the 
highest etching current obtained experimentally 
(with 10 mil ¢ jet and 0.2N NaF + 5 cc 48% HF/ 
liter solution). 

At low current densities (3 ma) the diameter of 
the etch pit is normally about twice the jet diameter 
(it increases to about 4 times the jet diameter at 
large current densities, i.e., the current density does 
not increase as rapidly as the jet current.) 

The photon flux on an area of 2x 10° cm* (= 20 
mil #) is 1x10" sec”, equivalent to a hole current 
of 16 ma. Reflection losses under actual jet-etching 
conditions reduce this figure to 6.8 ma. Two correc- 
tions must again be applied: increase of the avail- 
able number of holes due to lateral diffusion, and 
decrease because of surface and bulk recombination. 
It can be estimated that the first factor will increase 
the current by about 60% of its value in the ab- 
sence of lateral diffusion.* Recombination losses 
ought to be considerably less than in the case of the 
photodiode, because the holes are generated in the 
space charge region of the surface barrier and are 
immediately collected by the strong field. The two 
factors should at least balance. It is therefore justi- 


fied to assume a hole supply sufficient to maintain an 
etching current of at least 6 ma. Experimentally, 
however, the electropolishing current was found to 
be limited to 3.0 ma. 


It must therefore be concluded that the hole sup- 
ply under intense illumination is sufficient to main- 
tain quite large etching currents, but that a slow 
chemical step controls the etch rate for the given 
electrolyte. 


Dissolution of SiO, Film as the Rate-Controlling 
Process During Jet Etching of N-Si 
Under Intense Illumination 


Characteristics of SiO, films.—Slow dissolution of 
a SiO, layer appeared as the most likely cause of 
slow etching under the above mentioned conditions. 
In work on the anodic formation of oxide films on Si 
in inert electrolytes it had been found (7) that the 
current through the SiO, during forming is mostly 
electronic and not ionic (e.g., 99% electronic at 7 
ma/cm’*). The same is true apparently also for the 
SiO, film present during electropolishing; thus if for 
a given electrolyte the rate of formation of SiO., i.e., 
the current density, is higher than the rate of dis- 
solution of the SiO, by the electrolyte, the oxide film 
will increase in thickness, and the silicon will be- 
come passive because the current through the SiO. 
changes from ionic to electronic. 

It might be thought that the chemical dissolution 
of the oxide would continue at the same rate after 

* These estimates are based on the assumption that the number of 


laterally collected holes decreases to 1/e at. distance = from 
the geometric edge of the diode. 
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passivation so that the Si must again become active. 
This, however, is not the case: once the silicon has 
become passive, it remains passive at the given cur- 
rent density. An explanation for this phenomenon 
may be sought either along the lines of passivation of 
iron, which dissolves rapidly as long as the surface 
is covered by Fe,O, only, but becomes passive when a 
layer of Fe.O, appears in addition (8), or along the 
lines of the work of Engell (9) who showed that the 
dissolution rate of bulk oxides like FeO or Fe,O, de- 
pends strongly on an applied potential. But it may 
also be that the enormous electrostatic pressure on 
the SiO, film at the very high current densities of 
the jet process is of importance. The oxide is strongly 
disordered while ionic current is flowing through it 
(10). Any strongly disordered structure will have a 
higher rate of dissolution than an ordered structure. 
When the Si passivates, ionic current flow through 
the SiO, stops almost completely. According to Le 
Chatelier’s principle the electrostatic pressure should 
decrease the number of interstitials and vacancies, 
thus decreasing the volume and leading to a de- 
creased rate of dissolution. 

If the slow dissolution of an SiO, film is indeed 
rate determining, an increase in acidity and in tem- 
perature should permit faster etching (under intense 
illumination). 

Effect of acidity and temperature on etching speed. 
—lIn order to accelerate the dissolution of the SiO, 
both the temperature and the HF content of the elec- 
trolyte were increased. A solution containing 30 cc 
of 48% HF + 8.4 g NaF/1000 H.O, heated to 70°C, 
was found suitable for electropolishing at 30 ma 
with a 10 mil jet under the above quoted high light 
intensity. The resulting etch pit had a diameter of 
0.1 cm. The photon flux on the area of the etch pit, 
7.8 x 10° cm’, is equivalent to a hole current of 26.8 
ma, allowing for reflection losses. For the relatively 
large area of the etch pit (radius > L,) the contri- 
bution by lateral diffusion of holes is becoming less 
important and may be estimated to amount to about 
14%, which increases the expected electropolishing 
current to 30.5 ma. This good agreement between ex- 
pected and experimentally determined electropolish- 
ing current may be somewhat accidental (compen- 
sation of errors), but essentially it means that sur- 
face and bulk recombination of holes are suppressed 
by the strong field of the jet contact. Another solu- 
tion, 40 g NH,HF. + 8 g NaF/liter, proved very satis- 
factory at room temperature. 

Shape of etch pits —Assumption of slow dissolution 
of an SiO, film as the rate-determining step permits 
understanding of the factors governing the shape of 
the etch pit. Si, in contrast with Ge, usually yields 
very flat-bottomed etch pits. The current density 
should be highest in the center of the etch pit if po- 
tential distribution alone were decisive. However, as 
was shown above, a very high current density leads 
to a thickening of the SiO, film, which in turn in- 
creases the electronic current component. The center 
region also cannot collect as many holes as the pe- 
riphery which profits from lateral diffusion of holes. 
Thus a balance can be achieved with the periphery 
etching at about the same rate as the center. Mounds 
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formed in the center of the etch pit can be explained 
by the same reasoning. Typically, it was found that 
under conditions of high HF content and high light 
intensity the resulting etch pits are rounded. Thus, a 
delicate balance of all contributing factors is re- 
quired to obtain flat-bottomed etch pits at high etch 
rates. 

What causes the pitting at too high current density 
is not yet completely clear. Crystal defects are an ob- 
vious possibility, but it seems that other causes like 
dielectric breakdown of insulating layers or removal 
by the electric field of positively charged donor 
atoms, aggregated at dislocations, and thus causing 
a catastrophically high local etch rate, may also be 
involved. Correlation between pitting and dislocation 
density is, of course, very pronounced. 

Pitting is reduced markedly when the light inten- 
sity, current density, and pH of the solution are cor- 
rectly adjusted; it is also possible to add certain com- 
plexed cations (such as K, [Fe(CN)6]) in their 
lower valence state to the electrolyte; apparently 
they are then oxidized to a higher valence at a lower 
field strength than is required for the production of 
“pin-holes.” 

Valence state of dissolved Si.—No lattice structure 
is revealed by the anodic electropolishing of Si; the 
same holds true for the anodic electropolishing of Ge. 
On the other hand, the cathodic jet etching of Ge’ 
(reaction product GeH,) results in etch pits corre- 
sponding to the given orientation, i.e., formation of 
distorted hexagonal etch pits on the {100} plane. 
Clearly sufficient polarization is absent in the ca- 
thodic etching of Ge but is present in the anodic 
polishing of Si (and Ge). The polarization factor 
could be either a thin oxide layer on the Si or diffu- 
sion control in the electrolyte, specifically diffusion 
of fluoride ions through the diffusion layer to the in- 
terface (12). Actually the two mechanisms may de- 
scribe the same physical picture, namely, the pres- 
ence of a thin oxide layer on the Si. This question can 
perhaps be decided if the current efficiency during jet 
electropolishing of Si is known. In the absence of an 
oxide layer one would expect the Si to go into solu- 
tion initially in the divalent state. If a layer of SiO. 
were present, then the Si should definitely go into 
solution in the quadrivalent state. A third possibility 


* Discovered by A. Topfer of Philco Corporation 
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is suggested by the work of Bockris (to be pub- 
lished) who has shown by galvanostatic measure- 
ments that the surface of Ge during anodic polariza- 
tion is covered by a monolayer of GeO; yet the Ge 
ions which have gone into solution are found to be 
in the quadrivalent state. Results of related studies 
(11) show that the Si dissolves in the quadrivalent 
state in the high current density region. This, to- 
gether with the high potential values observed, with 
the need for free HF in order to electropolish, and 
with the passivation of the Si at too high current 
densities for a given HF content seems to establish 
definitely the presence of a thin SiO, film during 
electropolishing in aqueous solutions. In order to ob- 
tain the best polish, the dissolving power of the 
electrolyte must be neither too low nor too high. 
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Uniform Resistivity p-Type Silicon by Zone Leveling 


E. D. Kolb and M. Tanenbaum 
Bell Telephone Laboratories, Inc., Murray Hill, New Jersey 


ABSTRACT 


Silicon single crystals nominally 1 cm in diameter and 16 cm long have been 


grown with aluminum doping in a floating zone apparatus. Crystals have been 
prepared with nominal p-type resistivities of 0.3 and 5 ohm-cm with variations 
of 5% or less along the crystal length. Variations of resistivity with rotation 
rate, growth rate, ambient gas flow rate, and other growth variables have been 


The wide use of diffusion techniques for the pro- 
duction of silicon devices has led to a need for large 
quantities of single crystalline Si of uniform resis- 
tivity. Past experience with germanium zone refining 
and leveling (1) demonstrated that this is a practical 
method of obtaining large quantities of uniform re- 
sistivity single crystals. 

By the use of the floating zone technique (2) Si 
single crystals can be grown and zone refined. The 
process can be adapted easily to zone leveling. Figure 
1 illustrates a typical zone leveling experiment. A 
zone of molten semiconductor, A, is formed between 
a single crystal seed, B, and a pure polycrystalline 
ingot, C. The impurity is added to the molten zone. 
The molten zone is moved to the right freezing out 
impurity doped semiconductor onto seed B and melt- 
ing pure polycrystalline semiconductor from ingot 
C. The newly grown single crystal will contain a 
concentration of impurity kC,, where k is the effec- 
tive distribution coefficient of the impurity, and C, 
is the impurity concentration in the molten zone. If 
k is very small (e.g., < 0.01), the amount of impurity 
frozen into the single crystal is sufficiently small so 
that C, is not significantly altered even after several 
zone lengths have been traversed. 

In addition to having a small k, a suitable doping 
element must be nonvolatile if a uniform concen- 
tration is to be maintained. It must be of high purity 
since trace elements having a larger distribution co- 
efficient would have a detrimental effect on the 
leveling process. Further, since control is often de- 
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ZONE LEVELING SCHEMATIC 


Fig. 1. Typical zone leveling experiment 


studied. Zone volume variations were also measured. 
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sirable over several orders of magnitude of impurity 
concentration, it is desirable to be able to use both 
alloys of the impurity with the semiconductor as well 
as the elemental impurity itself. Aluminum fulfills 
these requirements and was used for these experi- 
ments. 

Experimental 

The floating zone machine used for the experi- 
ments has been described by Buehler (3). It is neces- 
sary to keep the zone volume constant during zone 
leveling to keep C, constant. In order to minimize 
zone volume changes, the zone volume was moni- 
tored during the leveling operation. This was done 
by measuring the zone length with a cathetometer, 
assuming that the zone diameter and liquid-solid 
interface shape remain essentially constant, and 
manually adjusting the rf induction heater to com- 
pensate for any observed changes. Zone length vari- 
ations did not exceed +7% for the growth conditions 
studied. 

Zone leveling was studied with crystals that 
ranged from 14 to 18 cm in length, were between 0.9 
and 1.2 cm in diameter with diameter variations in 
individual rods of +3% or less. They were all p-type 
with resistivities at the seed ends in the range from 
80 to 175 ohm-cm and 30 to 165 ohm-cm at the op- 
posite ends. 

Crystals were doped to nominal resistivity levels 
of 0.3 and 5 ohm-cm. The 0.3 ohm-cm crystals were 
grown by doping with elemental Al. A small piece of 
99.998% Al weighing approximately 0.5 mg was 
placed in a 0.025 cm slot, cut at approximately a 45° 
angle in the seed end of the pure crystal, where the 
starting zone was to be established (Fig. 2a). 

The 5 ohm-cm rods were grown by doping with 
cylinders of floating zone leveled Al doped Si of ap- 
proximately 0.038 ohm-cm resistivity. These were 
placed between the seed and the undoped starting 
rod where the starting zone was to be established 
(Fig. 2b). It was important to assure that the seed, 
the doping cylinder, and the starting rod were coax- 
ially aligned prior to the zone-leveling operation. 
Any eccentricity tended to increase the diameter 
variations during zone melting and thus increase the 
uncertainty in the zone volume. It was possible to 
achieve conditions where the diameter fluctuations 
increased from an original average of +3% to final 
values of +7% or less. 


> 

OBS 

i 
: 
= 

Sng 

le 

i 
4 
= 

C = 

a 

= 
— 
4 
3 
— 


| 


(b) 


Fig. 2. Aluminum doping schematic 


All the experiments were performed in a hydro- 
gen atmosphere. Oxygen was removed from the hy- 
drogen by passing through a Deoxo purifier and the 
hydrogen dried to a dew point of < —100°C by pass- 
ing over Linde molecular sieves (No. 5A) at liquid 
nitrogen temperature. This purification was necessary 
to insure a minimum loss of aluminum from the 
molten zone by oxidation. 

The resistivity of the zone leveled crystals was 
measured on bars 0.625 cm by 0.625 cm in cross sec- 
tion cut from the center of a crystal. Current elec- 
trodes were rhodium and copper plated on the ends 
of the bars, and a constant current was passed along 
their length. Two movable points spaced 0.025 cm 
apart were driven mechanically along the length of 
the rod and the potential difference between the 
points was plotted on a L&N Speedomax recorder. 
Resistivities were calculated from the potential pro- 
files. These measurements showed a background 
noise level which appeared as the points were 
dragged along the surface of the crystal. By repeat- 
ing the measurements several times on a particular 
crystal, it was determined that the measurements 
were reproducible but, due to the noise, variations in 
resistivity less than +3% could not be determined. 


Results 

The following variables were studied: stirring of 
the molten zone, growth rates, loss of Al from the 
molten zone, and ambient gas flow rate. 

The molten zone is stirred by rotating the seed 
crystal while holding the undoped portion of the rod 
stationary. The effect on resistivity of seed rotation 
speeds between 40 and 110 rpm was determined to be 
negligible at the 0.3 ohm-cm level. A crystal was 
grown at both 0.0021 and 0.0058 cm/sec with rota- 
tion speeds of 40 and 110 rpm. Figure 3 is a resis- 
tivity profile obtained from a typical stirring experi- 
ment. Distance along the crystal axis in centimeters 
is plotted along the vertical coordinate while re- 
sistivity in ohm-cm is plotted along the horizontal co- 
ordinate. It can be seen that the resistivity is virtu- 
ally unchanged by changing the rotation rate at 
either growth rate. A closer comparison of the re- 
sistivities at the 0.0021 cm/sec growth rate showed 
the 110 rpm region to be ~7% higher than the 40 rpm 
region. Since this increase occurred gradually, and 
there was no abrupt change when the stirring rate 
was changed, it is believed that this is not a result 
of stirring but is due to some unknown variable. 


JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


7 


0.0056cm/SEC 


40 RPM 


0-00sscm/sec 
RPM 


CENTIMETERS 
ro) 
7 7 
= 
+ 

4 


0.0021CM/SEC 
110 RPM | 
| 
} 
+ a + 
3 = 
“a 
if 
0.2 0.4 0.6 08 10 
OHM-CENTIMETERS 


Fig. 3. Resistivity profile of 0.3 ohm-cm stirring and 
growth rate experiment. 


Changing the growth rate produced the largest 
effect of any of the variables studied. Increasing the 
growth rate from 0.0021 cm/sec to 0.0058 cm/sec de- 
creased the resistivity approximately 25% at the 0.3 
ohm-cm level and 35% at the 5 ohm-cm level. Meas- 
urements of zone length and crystal diameter indi- 
cated that the maximum change in zone volume be- 
tween the above growth regions was not more than 
+3%. Figure 3 is the resistivity profile of a typical 
0.3 ohm crystal. The decrease in resistivity is in the 
direction expected from the Burton-Prim-Slichter 
(4) diffusion layer theory. At the faster growth rate, 
less of the rejected impurity is able to diffuse away 
from the growing interface, and the effective dis- 
tribution coefficient increases. 

It is interesting to note that a comparison of uni- 
formity of resistivity vs. growth rate shows that at 
resistivity levels of 5 ohm-cm and growth rates of 
approximately 0.0021 cm/sec the resistivity varia- 
tions are +10%. In the region grown at 0.0058 cm/ 
sec the resistivity varied less than +5%. Zone vol- 
ume changes as measured by the cathetometer read- 
ings between the slow and fast growth rate regions 
did not exceed +3% for each region and cannot ac- 
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count for the observed resistivity variations. It ap- 
pears that at the higher resistivity levels the re- 
sistivity is more uniform at the faster growth rates. 
At the lower resistivity levels, the resistivity uni- 
formity is not affected over the range of growth 
rates studied. The reason for this difference is not 
known. 


Loss of Al from the molten zone by evaporation 
or reaction with the protective atmosphere was stud- 
ied by stopping the zone travel approximately half- 
way through the pass, holding the zone stationary 
for an hour with the seed rotating (puddling), and 
then proceeding at the original growth rate. Loss of 
Al from the molten zone would produce higher re- 
sistivity after puddling. By comparing the resistivity 
measurements in the first half of a 0.3 ohm-cm crys- 
tal with those in the second half it was observed that 
the resistivity level upon resuming growth is equal 
to that prior to the puddling interval within the 
measurement error. Thus the loss of Al from the 
molten zone at the 0.3 ohm-cm level is negligible. 
Two additional puddled crystals doped to 1.5 and 5 
ohm-cm resulted in resistivity levels upon resuming 
growth that were 5% and 12% higher, respectively, 
than the levels prior to the puddling, indicating some 
loss of Al. The loss of Al may be due to variations in 
the control of the H, dew point resulting in oxida- 
tion of Al from the molten zone. In this case the 
total loss of Al would depend only on the water 
content of the ambient hydrogen atmosphere and 
would be independent of the Al concentration in the 
molten zone. At higher resistivity levels the loss of a 
constant amount of Al from the molten zone would 
be more noticeable since it is a larger fraction of the 
total Al concentration added initially to the molten 
zone. 

Finally, the effect of the H, gas flow rate between 
100 and 1000 cc/min on resistivity level was deter- 
mined to be negligible at the 0.3 ohm-cm level. A 
crystal was grown at 0.0028 cm/sec. The resistivity 
in the region of 100 cc/min of H, was within meas- 
urement error of +3%, while the resistivity varied 
+8% in the 1000 cc/min region. The reason for this 
difference is not known. 

Measurements of the resistivity variations through 
the cross sections of the zone leveled crystals were 
made on rods 0.0125 cm by 0.0125 cm in cross section 
cut diagonally from the 0.625 cm cross section of the 
square rods that had been used for the longitudinal 
measurements. Maximum resistivity variations 
through the cross section were +7% and seldom ex- 
ceeded +5% in any of the growth conditions studied. 

Values for the effective distribution coefficient of 
Al in Si at the concentration levels and with the 
growth variables studied ranged between 2.0 x 10° 
and 9.0x 10°. Burton (5) has reported an equilib- 
rium distribution coefficient value for Al in Si at the 
melting point of Si > 4.0 x 10°. The values obtained 
from the present work are based on Al concentra- 
tions in the molten zone calculated from the concen- 
tration of Al added and corrected for zone volume 
changes measured along the crystal length. The con- 
centration of Al in the leveled crystals and in the 
doping alloys was obtained from the respective re- 
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sistivity measurements 
Prince (6). 

There is some uncertainty in Prince’s mobility data 
below 1.0 ohm-cm, and an extrapolation was made 
to the 0.038 ohm-cm level. Calculations of the effec- 
tive distribution coefficient were also made using the 
recent values of hole mobility determined by Back- 
enstoss (7). These resulted in distribution coeffi- 
cients as large as 1.5x 10°. These values are much 
larger than any previous estimate of the distribution 
coefficient of aluminum. Furthermore, if the distri- 
bution coefficient was this large, zone leveling with 
Al should not be as effective as is actually observed. 
This indicates that the mobilities reported by Back- 
enstoss may be too low at low resistivities. 

Minority carrier lifetime determined by photo- 
conductivity decay measurements (8) ranged from 
10-20 usec at the 0.3 ohm-cm level, and from 50-200 
psec at the 5 ohm-cm level. 


using mobility data of 


Conclusions 

For the growth parameters studied, changes in 
growth rate have the largest effect on resistivity 
level. Increasing the growth rate from 0.0021 cm/sec 
to 0.0058 cm/sec produced a decrease in the re- 
sistivity level of approximately 25% at the 0.3 ohm- 
cm level and 35% at the 5 ohm-cm level. Changes 
in stirring rate or gas flow rate do not produce sig- 
nificant effects on resistivity level over the range 
that was explored. Also aluminum evaporation is not 
significant. This suggests that satisfactory zone level- 
ing of Al in Si requires close control of growth rate 
while moderate variations in rotation rate and am- 
bient gas flow rate can be tolerated. : 

Crystals doped with Al can be grown in the pres- 
ent apparatus with resistivity variations along the 
length of +5% or less at the 0.3 ohm-cm level at 
growth rates between 0.0021 cm/sec and 0.0058 
cm/sec and at the 5 ohm-cm level at 0.0058 cm/sec. 
Crystals doped to the 5 ohm-cm level and grown at 
approximately 0.0021 cm/sec have variations along 
the length of ~10%. Resistivity variations through 
the cross section of all crystals studied were less 
than +7%. 
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Simple Method of Determining Crystal Perfection 


H. K. Herglotz 
Pigments Department, E. I. du Pont de Nemours & Company, Inc., Wilmington, Delaware 


ABSTRACT 


An optical analogy leads to a simple x-ray method of determining crystal 


perfection. Although furnishing only semiquantitative information at present, 
this can be developed into a quantitative method. For some applications it is 
considered superior to existing techniques such as etch pit counts or x-ray 
rocking curves. This method is combined with the determination of the crystal 


It is not necessary to stress the importance of crys- 
tal perfection for semiconductor devices since it has 
been emphasized by several authors (1,2). Many of 
the properties of the solid state can be understood 
only if a deviation from the regular arrangement 
of matter in crystals is assumed (3). The status of 
this knowledge has been summarized (4, 5). 

The methods commonly used for the determina- 
tion of single crystal perfection are etch pit counts 
(6), copper precipitation (7), and x-ray rocking 
curve measurements (8,9). These procedures have 
limitations with respect to ease of handling, repro- 
ducibility, or interpretation. 

This paper describes a simple x-ray method which 
eliminates some of the drawbacks of the methods 
mentioned above. The objective of this method is an 
over-all characterization of the crystal with respect 
to reticular orientation (Ref. 4, p. 411) but not to 
lattice defects of atomic dimensions. Other x-ray 
methods of perfection studies are available (10-12). 

This part of the publication presents a qualitative 
description of the method, an outline of the evalua- 
tion procedure, and some preliminary results. Part II 
will deal with some quantitative considerations and 
more examples of application. 


Experimental Procedure 

A model with visible light is helpful in explaining 
this x-ray method (13). The reference article shows 
a well grown rock salt cube which, although far from 
being an ideal single crystal, might represent here a 
single crystal. It is completely transparent which 
means that no internal surfaces reflect light from a 
light source into the eye of the observer. However, 
it became dull and opaque after it had been de- 
formed by exercising some pressure on it in a hand 
press. The crystal has kept its external shape, but 
the deformation has created internal reflecting sur- 
faces. This rock salt cube with internal surfaces 
might serve as a model for a mosaic crystal. 

Consider an analogous experiment using x-rays, 
for which practically all materials are to some extent 
transparent, particularly silicon or germanium. 
X-rays are also a more sensitive probe due to their 
short wave lengths. The inherent differences be- 
tween x-ray diffraction and optical reflection must 
be kept in mind in spite of the frequent informal use 
of the expression “x-ray reflection.” 


orientation since it is based on a slightly modified Laue back reflection method. 


Due to the selectivity of x-ray diffraction a sta- 
tionary single crystal permits reflections by the lat- 
tice planes only if a variety of wave length (brems- 
strahlung) is used so that the crystal can select 
those which satisfy Bragg’s equation: nd = 2d sin #@. 

Monochromatic radiation, however, has a chance 
for reflection only if a variety of angles are used so 
that the crystal can select those very few which sat- 
isfy Bragg’s equation. It is well known that this is 
achieved by rocking or rotating a single crystal. In 
the case of a powder or polycrystal without pre- 
ferred orientation, a large variety of lattice planes 
is present, whose normals point to all directions of 
radii of the sphere around the crystal. This large 
number of planes offers such a variety of incident 
angles that in any case a sufficient number of planes 
are in glancing position. The geometrical shape of 
all rays reflected by one type of planes forms a cone 
with an apex of 46 or 360-40, respectively. The poly- 
chromatic bremsstrahlung is in the case of a powder 
reflected in all directions because of the variety of 
both A and @ and contributes to the background only. 

The oriented polycrystals such as rolled sheets or 
electrolytically grown whiskers, to name two of 
many examples, hold a position between the well 
grown single crystal and the irregular powder, which 
mark the extremes. Also, a place between, although 
closer to the single crystal, must be attributed to the 
distorted single crystal (mosaic crystal) as repre- 
sented by the opaque rock salt cube. 

Since the mosaic crystal, the most common form of 
“single crystal,” is a hybrid between the perfect 
monocrystal and a polycrystal, a method should be 
available to determine how much of each compo- 
nent is present. One possible way is to take an x-ray 
pattern under conditions for both mono- and poly- 
crystal and find out what traces of polycrystallinity 
it contains. 

As stated previously, it is proper to use the brems- 
strahlung to obtain a pattern of a stationary single 
crystal (Laue pattern). A tungsten target x-ray tube 
serves best for this purpose, since the radiation 
from such a tube consists almost exclusively of the 
polychromatic x-ray spectrum. 

For powder patterns, however, the bremsspectrum 
is not only useless, but even adverse, since it gives 
rise to excessive background. The radiation of a cop- 
per target is used mostly for this case since it com- 
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bines a very intense characteristic radiation with 
little bremsstrahlung due to the relatively low 
atomic number of copper. To make Debye-Scherrer 
diagrams even clearer, other wave lengths besides 
the desired Ka-doublet are suppressed or eliminated 
by filters, monochromators, or pulse height discrimi- 
nators. 

However, the purpose is served best by the un- 
filtered radiation of a copper target, since it offers 
a certain amount of a polychromatic radiation plus 
a strong monochromatic component. Thus, conditions 
for both single and polycrystal are met simultane- 
ously. Furthermore, the unfiltered radiation from a 
copper target is obtainable in the simplest fashion. 

Registration by counters (Geiger, proportional, 
scintillation), which offers tremendous advantages 
in many cases in comparison to photographic meth- 
ods, is not very suitable in this case because the 
scanning nature of these devices makes registration 
of a Laue pattern of a single crystal uneconomical. A 
recorder should register a maximum of diffracted 
rays and offer an over-all view of the crystal. The 
ideal situation would be to have a spherical film 
around the crystal. The closest approximation to this, 
which permits rolling off the film into a plane, is the 
double cone suggested by Regler (14, 15). 

The appearance of undeformed and deformed rock 
salt in double cone patterns is illustrated by Fig. 
1 and 2, respectively. The film from regular cones 
has the shape of a semicircle and permits simple 
evaluation of the readings on the film. 

Figure 1 shows a Laue pattern of a single crystal 
with spots from the bremsstrahlung and hardly any 
diffraction of the copper radiation. This corresponds 
to the reflectionless appearance of the crystal in 
visible light. Distortion of the crystal lets mono- 
chromatic reflections appear in the form of lunates 
on the back reflected part and causes the Laue spots 
on the transmitted part to degenerate to curves, 

(Fig. 2). This is closely related to the multiple re- 
flections of the visible light which make the crystal 
appear dull. 

In using these facts for crystal perfection studies, 
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Fig. 1. Double cone pattern of an undeformed rock salt 


crystal: (A) transmitted part, (B) back-reflected part. The 
figure next to the back reflected pattern indicates the per- 
fection value in arbitrary units (see Fig. 7). 


A 8 


Fig. 2. Double cone pattern as in Fig. 1, but after de- 
formation of the rock salt crystal. 
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Fig. 3. Summary of perfection method 


Fig. 4. Cone back reflection pattern of a diamond (per- 
fection value O). 


it is found the back reflected cone furnishes all the 
information we need and permits nondestructive 
testing. Restriction to the back reflected part of the 
diffraction pattern is, therefore, no disadvantage 
since it offers simplicity with no sacrifice of infor- 
mation. This is the reason all routine work on per- 
fection studies has been carried out with the single 
cone back reflection method only. 

As compared to the plane film method, the ad- 
vantages of the cone back reflection method for the 
task under consideration consist of: (a) focusing, 
which reduces exposure time by making use of a 
wider aperture; (b) recording of all glancing angles 
45 <@< 90 on the entire circumference of the dif- 
fraction cones. 

Figure 3 summarizes the situation. A perfect lattice, 
symbolized by an undistorted network (left), fur- 
nishes only a Laue pattern from the bremsstrahlung. 
A completely irregular polycrystal with small sized 
crystallites furnishes only Debye-Scherrer circles, the 
bremsstrahlung disappearing in the continuous 
background. The mosaic crystal, symbolized by an 
irregular network, is a hybrid between the two. 

Even with the small divergence of the primary 
beam which offers a small variety of angles to the 
crystal, no traces of Debye-Scherrer lines should be 
found on the Laue back reflection pattern of an 
ideal single crystal. This is proved by Fig. 4, a pat- 
tern from a 3 x 3 mm clear diamond chip. Diamond is 
known to have the most nearly perfect lattice. In 
spite of the divergence of about 5° of the primary 
beam, no reflection from the copper K radiation can 
be observed. The diamond chip was not cut in a ma- 
jor crystallographic direction; therefore, no simple 
symmetry relations can be seen on its Laue pattern. 

To demonstrate the opposite extreme from this 
diamond lattice, a pattern taken under the same con- 
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Fig. 5. Cone back reflection pattern of a polycrystalline 
piece of silicon (perfection value x) 
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Fig. 6. Various degrees of “‘singularity’’ between the ex- 
tremes of Fig. 4 and 5. A, B, Czochralski crystals with per- 
fection values of (14) and (56), respectively; C, floating zone 
crystal, twinned (74); D, silicon needle from the zinc reduc- 
tion of silicon tetrachloride (x) 


ditions as for Fig. 4 was obtained with a piece of 
silicon (Fig. 5). The silicon was obtained by vapor 
decomposition of its chloride. It is an example of a 
finely polycrystalline aggregate without any pre- 
ferred orientation furnishing full Debye-Scherrer 
circles (degenerated into half circles after rolling 
off the film). No Laue spots from the bremsspectrum 
can be observed. 

Between these two extremes belong the photo- 
graphs of Fig. 6 (A-D). Figure 6A is taken from a 
well grown Si-Czochralski crystal, “B’” from a less 
perfect Si single crystal, “C” is the pattern from an 
early unsuccessful attempt to grow a float zoned 
single crystal, and “D” stems from a silicon needle 
deposited from the vapor phase. The latter ap- 
proaches Fig. 5, but the crystalline individuals are 
large enough to furnish Laue spots instead of con- 
tinuous background from the bremsspectrum. A nec- 
essary consequence of this is that the Debye-Scher- 
rer circles are broken into single reflections and are 
not continuous as in Fig. 5. 


Evaluation of Perfection Numbers 

These experiments make it clear that conclusions 
about the perfection of the single crystal can be 
drawn by counting the number of monochromatic re- 
flections and by taking into account the size of the 
lunates, in other words, estimating the fraction of 
the Debye-Scherrer circle which is blackened. This 
leads to semiquantitative results in arbitrary units, 
good for comparison of crystals but not of signifi- 
cance in an absolute sense. A scale for arbitrary units 
is suggested in a later part of this paper (Fig. 7). 
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Fig. 7. Scheme of a rough scale for evaluation in arbitrary 
units. The size of the lunates is rated from 2-10. The reflect- 
ing planes are marked (in parentheses) from both Ka and 
Kg. If the doublet appears, the number should be doubled. 
The f-reflections are weaker than the a-reflections because of 
the lower intensity of the 8 wave length. 


Perfection numbers measured in these arbitrary 
units are shown for the back reflection patterns of 
Fig. 1, 2, 4-6, 13. This figure in arbitrary units is de- 
rived from the planes (111), (013), (011), (135), 
(335), (123), which appear on the back reflection 
pattern of silicon with the radiation from a copper 
target (see Fig. 7). 

The method applied in this way is semiquantita- 
tive and does not take strict account of several fac- 
tors such as, for example, the divergence of the pri- 
mary beam and the intensity of the Debye-Scherrer 
lunates (correlated with each other). The method, 
however, furnishes a very dependable relative meas- 
ure of perfection as demonstrated by a few examples 
below. A chip of a clear industrial diamond serves 
as a standard marking the zero point of the scale. A 
perfect single crystal represents the value 0 in this 
scale, while the powder or polycrystal with continu- 
ous Debye-Scherrer circles is designated as infinity. 
The method can be developed into a quantitative one 
leading to the stereographic projection of the poles 
of all planes appearing on the back reflection pattern. 
The number of planes registered can be increased by 
using alloyed targets (14). This development will be 
described in a future paper. For almost all practical 
purposes encountered with semiconductor single 
crystals, evaluation in arbitrary units yields ade- 
quate information and is preferred because of the 
rapidity of the method. 

A few more detailed instructions about this pro- 
posed semiquantitative scale in arbitrary units is 
given below to facilitate its application. 

Figure 7 is a rough sketch of a cone back reflection 
pattern of silicon with copper radiation. The full 
semicircles, pictured in thin lines, are the Debye- 
Scherrer reflections from the following planes (111) 
IV. Order, (335), (013) II. Order, (135), (011) IV. 
Order, (335), and (123) II. Order. These reflections 
are obtained by the a,, a, doublet and/or by the B 
line of the characteristic copper K spectrum. At 
glancing angles near 90°, the a-doublet is clearly 
resolved into its components (444 reflection). In the 
case of an imperfect single crystal, fractions of these 
Debye-Scherrer circles appear on the pattern on the 
place of a Laue spot. Fractions from all possible 
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Debye-Scherrer circles can appear. This is verified 
for example in Fig. 13B, where practically every 
Debye-Scherrer circle is represented by a fraction. 
There is a correlation between the peripheral width 
of the lunate, its glancing angle @, and the fluctua- 
tion of the normal vector of the reflecting plane. This 
will be covered in more detail in Part II of this 
paper. A small fraction on any of the Debye-Scher- 
rer circles points to a relatively small misorientation 
of the lattice. A number of 2 is arbitrarily attributed 
to such a small lunate pictured on the left side of 
Fig. 7. Increasing size of the lunate points to larger 
misorientation and is represented on subsequent 
rows, from left to right, Fig. 7, by increasing “im- 
perfection values” ranging from 2-10. A double 
lunate of both a, and a, radiation indicates a rather 
serious misalignment of the crystal since the prob- 
ability of reflection of a monochromate radiation by 
a single crystal is small; to reflect two monochro- 
matic wave lengths of 4 XU wave-length distance is 
still more improbable. If it happens, the crystal must 
be significantly distorted. Therefore, such a double 
lunate should be counted double. The reproductions 
do not give all the details visible on the originals, 


particularly with respect to these double lunates. In — 


Fig. 13, a full evaluation of these patterns is carried 
out, leading to the “perfection” values at the right 
side of the patterns. 

The significance of the intensity of a lunate should 
also be considered when evaluating the photographs. 
A very intense lunate of small peripheral width evi- 
dently stems from a small fluctuation of the normal 
vector of a “shattered plane,” but spread over a 
large part of the crystal. On the other hand, one oc- 
casionally finds large fractions of the Debye-Scher- 
rer circle of very weak intensity (Fig. 6C, clearly 
visible on the original photograph). Such a case 
points to a serious misorientation with large fluctua- 
tions of the normal vector but only in small areas of 
the crystal. 

Admittedly, the perfection figures are dependent 
on some individual judgment varying from person to 
person. However, it has been established empirically 
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Fig. 8. Device for crystal orientation and cutting: X, x-ray 
beam; S, support; C, crystal; R, reference direction for cor- 
rections (turn left—turn right, and lift—drop). 
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Fig. 9. Mask for orientation (correction values in degrees) 
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Fig. 10. Scheme of Laue back reflection method on plane 
and cone film from a perfectly oriented crystal (A) (top) and a 
crystal misoriented by the angle @ (B) (bottom) C Crystal. 
[111], Crystallographic direction, X, x-ray beam, T, x-ray 
target. (111), crystallographic plane, d, crystal-film distance. 
CF, cone film, ST, starpoint, PF plane film. 


that a laboratory assistant, after proper instruction, 
will assign figures differing not more than a few 
points from those of the writer in most cases. A 
deviation of several points is rare. It is significant 
that the relative values assigned by a given ob- 
server are self-consistent, based on numerous cases, 
although the absolute figures may vary slightly. 


Crystal Orientation 

The method furnishes crystal orientation simul- 
taneously. If the direction of the x-ray beam is a 
major direction of the lattice, for example the [111 ]- 
direction, the Laue spots of zones with zone axes 
perpendicular to the x-ray beam intersect in the 
center of the cone (Fig. 1b). If the crystal direction 
is a few degrees off, the intersection does not occur 
in the center of the film (Fig. 13). If the crystal is 
fixed on a support as demonstrated in Fig. 8, cor- 
rection values can be derived with respect to a di- 
rection of reference. Whereas the monochromatic 
reflections are used for evaluation of the perfection, 
the polychromatic Laue spots are an excellent means 
of determining how much a crystal grown in a cer- 
tain crystallographic direction deviates from this 
direction. Figure 9 shows a mask which enables one 
to read correction values with respect to the refer- 
ence direction of Fig. 8. These corrections can be 
incorporated when the support shown in Fig. 8 is 
fastened on the diamond saw. The mask is derived 
from the geometry of the particular cone camera 
and a definite sample distance (see Fig. 10). 
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If the starpoint (intersection of spots from zones 
with zone axes perpendicular to the x-ray beam) is 
at the position marked in Fig. 9, a movement of the 
R-direction (Fig. 8) 2° upward and 3° to the right 
will bring the crystal into a position such that the 
x-ray beam is in accord with the [111]-direction of 
the lattice, which was the direction of growth in this 
case. 

Figures 10-12 illustrate more in detail how the 
mask of Fig. 9 and the correction values are ob- 
tained. Consider a Laue plane film back reflection 
pattern, the more familiar case. It is then easy to 
change to the less common cone film. 

The macroscopic axis of the crystal might be the 
{111 ]-direction and the x-ray beam may impinge 
perpendicularly to the (111)-plane (Fig. 10A). Then 
we obtain the Laue pattern sketched in Fig. 11A. If 
the [111]-direction does not coincide with the ma- 
croscopic crystal axis but is inclined by the angle ¢ 
(Fig. 10B), we obtain the Laue pattern of Fig. 11B 
or C, respectively, depending on whether the devia- 
tion is vertical or horizontal. The [111]-direction 
can deviate in an arbitrary manner, of course, but 
this case can be resolved into a vertical plus horizon- 
tal deviation. 

The mirror can be used as an analogy. To bring 
the crystal (or mirror, respectively) of Fig. 11B or C 
into a position to furnish a Laue pattern of Fig. 11A, 
turn it by the angle ¢ in the vertical or ¢, in the 
horizontal direction, respectively. Use of a mask fa- 
cilitates evaluation of the films (Fig. 12). This mask 
or the one for the cone film can be obtained by geo- 
metrical construction using Fig. 10 for a given dis- 
tance, d, and varying angles, ¢. 

Figure 12 shows a Laue plane film back reflection 
pattern on top of the mask. The crystal from which 
this diagram stems could be oriented by a move- 
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Fig. 11. Schematic Laue plane film patterns from a per- 
fectly oriented crystal (A), a vertically misoriented crystal 
(B), and a horizontally misoriented crystal (C); ST, star point. 
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Fig. 12. Evaluation mask for a plane film at a given dis- 
tance d (Fig. 10). On top of mask, a sketched Laue pattern 
from a misoriented crystal 
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Fig. 13. Cone back reflection pattern of the top (A) and 
bottom (B) of a Czochralski crystal. The crystal axis is about 
9° off the [111]-direction. Degree of perfection evaluated 
according to Fig. 7. , 


ment of the R direction (Fig. 8) 2° upward and 2° 
to the left. 

The shift from these plane film considerations to 
the case of a cone is very simple. The symmetry of 
the photograph is unchanged. Rolling off the film 
cone, however, compresses the 360° picture of the 
plane film into the 180° of a semicircle. It also com- 
presses the mask of Fig. 12 to our mask of Fig. 9. 
Simple geometrical considerations show that the 
starpoint of Fig. 11 and 12 is split in two when the 
cone film is rolled off into a semicircle, but only the 
one lying within the film semicircle is realistic and 
can be used for evaluation purposes. 

In this discussion, no consideration has been given 
to orientation of the crystal by rotation about its 
axis of growth. This is evident from the random di- 
rection of radii of the star in Fig. 11 A-C. If orienta- 
tion with respect to rotation about the crystal axis 
of growth is desired, this can readily be done by 
measuring the angle necessary to rotate the star in 
order to bring it to the desired position. 

No attention has been paid to the attainable pre- 
cision of this orientation method. The accuracy 
of the cutting tool for which the orientation figures 
were used was inferior (+1°). Therefore, no need 
existed for more accurate x-ray orientation, which 
can be achieved easily. 


Results of Perfection Studies 


Results of the new method generally agree with 
information obtained by etch pit counts (see Table 
I). Disagreement, however, was experienced in some 
cases, where the etched plane did not coincide with 
the (111) plane nor with any other low indices 
plane. 

The decrease in perfection of a Czochralski crystal 
from top to bottom is demonstrated in Fig. 13. 
Whereas the part next to the seed can be character- 
ized by a number in arbitrary units of 50, the bottom 
represents a number of 80. The same or a similar ob- 
servation was made in many other cases. However, 
this rule appears to be invalid in cases of crystals 


Table |. Comparison of etch pit counts with x-ray values 


Perfection No. 


Crystal slice Etch pits (Fig. 7) 
A 1 x 10‘/cm 
B 2 « 10*/cm? 
1 10°/cm* 
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with good orientation and good perfection. 

The influence of sawing and sanding on the x-ray 
picture was demonstrated in another experiment. A 
large crystal disk sawed from a Czochralski crystal 
was covered with wax. The wax was successively re- 
moved from different quarters and the crystal 
leached every time so that the 4 quarters were ex- 
posed 0, 1, 2, 5 min to the etchant (HF, HNO,, COOH, 
equal parts, about 40°C). The thickness change of 
the four sectors was: 0, 0.04, 0.06, 0.1 mm. X-ray 
patterns taken from each of the 4 sectors demon- 
strated that, after removal of 0.04 mm, the pattern 
did not change by further removal. In other words, 
the thickness of the damaged layer was less than 
0.04 mm. Higher intensity of the pattern from the 
unleached part of the crystal, clearly visible on the 
photographs, is another criterion of distortion (sec- 
ondary extinction) (3,4) but can be observed only 
in a case like this where photographs were taken 
under identical conditions before and after removal 
of the damaged surface layer. 

Other conclusions from corresponding experi- 
ments were: 

(A) The average crystal grown in good accord 
with a major lattice direction is of better perfection 
than the average crystal poorly oriented during 
growth. 

(B) Pictures taken before and after heat treat- 
ment showed only slight differences which were not 
consistent from crystal to crystal. The heat treatment 
consisted of heating the crystal in argon and holding 
at 1100°C for 30 min, cooling in the furnace to 700°C, 
and removing from the furnace. 

(C) The average perfection of large diameter 
crystals is better than the one of small diameter 
crystals. This rule was found true in the range %% in. 
<d< in. (d = diameter). Different results, how- 
ever, have been reported in the case of germanium 
crystals. Since the perfection of Czochralski crystals 
depends on many factors such as geometrical ar- 
rangement, gradient of supercooling, and skill of the 
operator, a rather complex correlation might be ob- 
tained if other variables besides the diameter in the 
limited range between %g in. and 1 in. are varied. 

(D) A multipass float zoned crystal from which 
all impurities other than boron had been removed 
was of very high perfection. Whether this is a gen- 
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eral rule could be established only after a series of 
experiments, but it appears to be very logical. 

(E) A Czochralski crystal grown with poor heat 
control due to failure of the automatic heat control 
was of very poor perfection. What has been said in 
the former example about establishing this as a 
general rule applies here. 

It is inherent in the method that it integrates over 
the whole volume of the crystal hit by the slightly 
divergent beam. Therefore, localized imperfections 
such as those close to the surface can be detected 
only under certain conditions. 

The photographs were taken almost exclusively 
under the following conditions: radiation: Cu-target, 
35 kvp, 20 ma; exposure time: 10 min; size of pin- 
hole: 0.6 mm. 

Manuscript received Nov. 12, 1958. This paper was 


prepared for delivery before the Ottawa Meeting, Sept. 
28-Oct. 2, 1958. 


Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1960 JoURNAL. 
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The Anodic Oxidation of Zinc and a Method of Altering 
the Characteristics of the Anodic Films 


H. Fry and Marjorie Whitaker 


The British Non-Ferrous Metals Research Association, London, England 


ABSTRACT 


Preliminary work on anodizing zinc in a variety of alkaline solutions led to 
some smooth white or gray films. A detailed study was made of the anodic oxi- 
dation of zine and zinc alloys in one electrolyte the results of which suggest 
similarities but also some differences between anodic films on aluminum and on 
zinc. Autoclaving in silicate solutions improved the resistance to corrosion and 
abrasion and changed the chemical composition of the anodic films without 


altering their appearance greatly. 


Systematic work previously has been done on the 
kinetics of the oxidation of zinc in air (1) and of 
the initial stages of the anodic oxidation of zinc in 
sodium hydroxide solutions as well as on the char- 
acteristics of films on zine produced by anodic oxi- 
dation at low voltages in a variety of solutions 
(2-7). Considerable variations in the properties of 
the films were observed in the earlier work. It was 
therefore of interest to study some aspects of the 
nature and growth of a wider variety of anodic films 
on zinc, including particularly films formed at higher 
field strengths. In view of the poor chemical resist- 
ance which zine oxide films were expected to have, 
the possibility was examined of converting the films 
to zine silicate by reaction of the anodic film with a 
silicate solution at elevated pressure and tempera- 
ture. 

Experimental 

The following materials were used: high-purity 
Zn strip (99.95%), 4.3 mm thick, main impurity 
0.02% Pb; die-cast flat plates of Mazak 3,’ 2.8 mm 
thick; chill-cast Zn-4% Al and Zn-12% Al alloys, 
made from 99.99% pure metals. Their grain size and 
microstructure were coarser than those of the die- 
cast alloy. In the 4% Al alloy the primary phase is 
the Zn-rich £ solid solution, containing about 1% Al 
(light gray in Fig. 1A). In the 12% Al alloy the pri- 
mary phase is the a solid solution, and it separates 
on cooling to a mixture of a and £ phases; this is the 
slightly darker constituent in Fig. 1B. The electro- 
lytes were made up with demineralized water using 
“Analar” chemicals if available or purest commercial 
grade of chemicals. 

Preparation of specimens.—Strips of the material 
to be anodized (1x8 cm) were bolted to copper 
strips. An area of 3 x 1 cm of polished surface on one 
side was left exposed for anodizing and the re- 
mainder coated with an insulating lacquer. The zinc 
was electropolished in a solution of 250 g/l chromic 
acid, 12 g/l boric acid, and the alloys were buffed. 
Anodizing procedure.—Fresh electrolyte at 20°C was 
used for each experiment, unless otherwise stated, 
and stirred during anodizing. Specimens were im- 
mersed for 15 sec before applying the potential. 
Temperature rises of up to 3°C were observed dur- 


'Zamak 3 in U.S.A. High purity Zn-4.1% Al-0.04% Meg. 


Fig. 1. Microsections through the anodized surface of 
chill-cast alloys showing (A) (top) even attack on Zn-4% Al 
and (B) (bottom) preferential attack on the eutectic in Zn- 
12% Al. Both etched nital. (The films, which are about 5 mm 
thick at this magnification, are not visible in the photographs.) 
Magnification X100. 


ing anodizing. The anode potential relative to a 
saturated calomel electrode was measured as a func- 
tion of time. 

In constant-current tests the selected current den- 
sity was reached almost instantaneously and was 
maintained to within 1%. In constant-anode-poten- 
tial tests the selected potential was reached in about 
10 sec and was maintained to within 1%. In some 
tests the mains voltage was applied across the cell 
in series with a fixed external resistance. 
After-treatment.—Anodized specimens were auto- 
claved in various solutions in a stainless steel auto- 
clave. 

Isolation of films and density measurements.—Film 
thicknesses were measured on microsections to + 4p 
at a magnification of 1000. The apparent density was 
determined by weighing isolated films of known 
area (6). The method involved an experimental 
error of about +10%. 

Abrasion resistance.—The abrasion resistance of 
the films was measured by a method due to Schuh 
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and Kern (8) in which a stream of 60 mesh fused 
alundum particles falls on to the film from a height 
of 1 m through a tube of 0.5 cm internal diameter. 
The film was judged to be worn through when elec- 
trical contact could be made with the basis metal 
over an area which was just sensibly greater than 
a single point with a hardened steel probe having a 
radius of curvature of 1/16 in. Results of abrasion 
tests, expressed in terms of the volume of abrasive 
required to penetrate the coating, appear to be re- 
producible to within +10%. 


Results 
Preliminary Work 


Dark films and white films.—Black coatings were 
obtained by anodizing zinc in N NaOH solution at a 
current density of about 200 ma/cm* and a cell volt- 
age of about 5 v. These coatings were smooth and 
uncracked and in this respect differed from those 
prepared by Huber at a cell voltage of 2.5 v (4). 

In various solutions containing Na.CO, and NaOH, 
dark films were formed at low anode potentials and 
white films at higher potentials. Films formed under 
the latter conditions were transparent when thin. 

Formation of smooth anodic films.—Using a con- 
stant voltage source and constant external resist- 
ance, zinc was anodized in a series of mixtures made 
from 0.2N NaOH and one other 0.2N solution. When 
the second solution was sodium borate or sodium 
succinate, translucent and smooth opaque white films 
were obtainable. The latter type of film was obtain- 
able when the second solution was sodium carbon- 
ate or sodium oxalate and the former type when it 
was sodium hydrogen phosphate. 

Some of the white films had areas with small, 
partly or wholly detached flakes. Flaking depended 
on the solution composition and on conditions and 
duration of formation of the film. From NaOH- 
Na.CO, solutions smooth white films were obtained 
only when the composition was 0.146N NaOH, 
0.054N Na.CO,, but the films flaked if, under certain 
conditions of anodizing, the time exceeded a certain 
maximum or if the solution had been used pre- 
viously. 

The tendency to form flakes increased with in- 
creasing temperature, voltage, and current density. 
For example, at 0°C incipient flaking occurred only 
in samples anodized at a constant voltage of 120 v, 
whereas at 50°C flaking occurred even at 15 v. 

Electrical breakdown of anodic films in the elec- 
trolyte-——In experiments at constant current, the 
anode voltage rose until there was an arrest or re- 
versal of the original current-voltage trend accom- 
panied by audible and sometimes visible sparks. Ex- 
~ periments usually were stopped at this stage. The 
sparking voltage depended on the composition of the 
electrolyte, a maximum voltage of about 170 v being 
reached in certain alkaline borate electrolytes while 
about 110 v was typical for NaOH-Na.CO, solutions. 

In the experiments in a solution of 0.146N caustic 
soda 0.054N sodium carbonate the sparking voltage 
in constant current tests was about 130 v at 0°C and 
120 v at room temperature, independent of current 
density under both conditions, while at 50°C it was 
3 v at 50 ma/cm* and about 80 v at 183 ma/cm’. In 
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later experiments, described below, the mean spark- 
ing voltage was about 100 v for zine anodized in the 
same solution at an initial temperature of 20°C. 

Abrasion resistance of smooth anodic films.—The 
abrasion resistance of smooth films on zinc varied 
from about 300 to about 3500 ml of abrasive, i.e., by 
a factor of about 10. The values for anodized alumi- 
num lay between 8000 and 9000 ml for a 4y thick 
sealed anodic film. The abrasion resistance of films 
formed under one set of conditions increased with 
thickness, but in general the abrasion resistance per 
unit thickness was found to depend in a complex 
manner on the anodizing conditions and on the com- 
position of the solution. 

Chemical resistance of anodic films.—A few tests 
were made of the corrosion resistance provided by 
anodic films on zinc under humid conditions and the 
results were invariably poor, white corrosion prod- 
uct appearing after about 1 day’s exposure. The 
anodic films also were attacked by several dye solu- 
tions acidified with oxalic acid to pH values lying 
between 6.4 and 3.2. 


Systematic Study of Anodic Oxidation of Zn and 
Zn-Al Alloys in a Solution of 0.146N Sodium 
Hydroxide, 0.054N Sodium Carbonate 


Constant current experiments.—When the current 
flowing through the cell was kept constant during 
anodizing, smooth white films were formed on zinc 
and Mazak 3 at current densities in the range 50- 
200 ma/cm’*. Curves of anode potential against time 
are reproduced in Fig. 2A (zinc) and 2B (Mazak 3). 
They show that after an initial period the anode po- 
tential increased linearly with time. The shape of 
the curve suggests that the initial period, which be- 
came shorter as the current density increased, is as- 
sociated with the formation of black films. 

The mean rate of increase of the anode potential 
with time, obtained by measuring the slope of the 
straight part of the curve, became greater as the 


‘ ye 


100 
‘ 
200 ma/cm? 
| 5Ome emi 
/ 
‘ 
| © 
s 
Te) 
/ / ZINC 
BLACK FILMS 
z | / © 
Of 
LZ 
3Ome/ cm? 
© 2 3 4 
me 
200ma/cm? / 
£0 SOmo/em*? 
9 
/ 
» 4c 
— WHITE FILMS 
- BLACK FILMS 
if 
30 me/cm? 
Cc 2 3 4 
ME, 


Fig. 2. Anode potential as a function of the time during the 
formation of black and white films at constant current den- 
sity (A) (top) zinc, (B) (bottom) Mazak 3. 
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Fig. 3. Effective wet resistance per unit area of a completely 
formed film as a function of current density in constant- 
current tests 


current density increased, but the rate of increase of 
the effective wet resistance (the anode potential 
divided by the current) was nearly independent of 
current density. The rate of increase of the effective 
wet resistance at each current density was greater 
for zinc than for Mazak 3. Although the reproduci- 
bility was low (+20% for zinc and +25% for Mazak 
3 in five tests) the corresponding results for the two 
materials did not overlap. 

There was a spread of about 20 v in the potential 
at which conditions became unsteady in replicate 
tests, and the mean was about 100 v, independent of 
current density for both zinc and Mazak 3 anodes. 
The effective wet resistance of the complete film was 
approximately inversely proportional to the current 
density as shown by the hyperbolic shape of the 
curves in Fig. 3. 

At low current densities, 20 to 35 ma/cm’, the 
anode potential reached a maximum in the range 
1.8 to 4 v after several minutes and then fell slightly. 
The films on both materials were black. Curves 
showing the relationship between anode potential 
and time at 30 ma/cm’ are given in Fig. 2. The effec- 
tive wet resistance of completely formed black films, 
i.e., at the maximum voltage, decreased slowly as the 
current density was increased within the range 20 to 
35 ma/cm’ and it was greater for Mazak 3 than for 
zine (Fig. 3). 

At current densities between 35 and 50 ma/cm* 
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Fig. 4. Typical curves showing the effective wet resistance 
per unit area of film as a function of the logarithm of time 
in constant-voltage tests. Zinc and Mazak 3 at 16 v. 
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the results were unpredictable. Some films remained 
dark, some quickly became white, and others re- 
mained dark for several minutes and then became 
white, a fairly sudden increase in resistance being 
associated with the change. 

With chill-cast Zn-4% Al alloy the rates of in- 
crease of anode potential at constant current were 
close to the corresponding values for Mazak 3, and it 
was concluded that the results were not influenced 
by the difference in grain size and microstructure of 
these two materials. 

The Zn-12% Al alloy formed a black film at 30 
ma/cm’, with effective wet resistance (110 ohm/ 
cm’) similar to that of films on zinc and Mazak 3. 
Smooth white films were obtained at 70 and 150 
ma/cm* but the anode potential did not increase 
linearly with time; after a continuous rise at a rate 
which decreased with time the potential became un- 
steady at a value between 50 and 80 v. 

Constant-voltage experiments.—When the anode 
potential was kept constant during anodizing smooth 
white films were obtained on zinc and Mazak 3 at 
anode potentials in the range 4 to 60 v. The point at 
which fluctuations first occurred in the resistance of 
the film was taken as indicating the completion of 
film growth. Figure 4 shows that the effective wet 
resistance increased linearly with the logarithm of 
the time after an initial period of slower growth 
which is probably associated with the formation of 
black films. The current density at the point of com- 
pletion, taking the mean of several tests, is plotted 
against anode potential in Fig. 5, and the effective 
wet resistance is plotted against anode potential in 
Fig. 6. At each anode potential in the white-film re- 
gion the completely formed films on zinc had greater 
resistance than films on Mazak 3. The scatter of the 
resistance values was within +30% in replicate tests, 
six at each voltage, but the probability that the 
difference between the two materials at each anode 
potential (Fig. 6) could have arisen by chance was 2 
in 100, which is conventionally accepted as indicating 
that the difference is significant. 

Black films were formed on both materials at 
anode potentials 1.5-3.5 v. The current reached a 
minimum after several minutes and then increased, 
sometimes only slightly. The minimum current is 
plotted against anode potential in Fig. 5. The effec- 
tive wet resistance of films on Mazak 3 increased by 
about 40% at the boundary between dark and white 
films, and the corresponding increase for zinc was 
about 100% (Fig. 6). 

Relative rates of anodic attack on the different 
constituents in zinc-aluminum alloys. — Metallo- 
graphic examination of sections through anodized 
Mazak 3 and chill-cast Zn-4% Al mounted in a 
cold-setting acrylic resin revealed no differential at- 
tack or penetration at the surface (Fig. 1A). At the 
surface of the Zn-12% Al alloy, however, the eutec- 
tic was attacked more rapidly than the primary 
dendrites’ (Fig. 1B). The primary dendrite areas 
(the slightly darker gray constituent) remained flat 
in the center during anodizing and did not project 
through the film at any point. 

Thickness of white films on zinc and Mazak 3.— 


* The buffed surface ‘before anodizing) was flat. 
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Fig. 5. Current density on completion of film formation as 
a function of anode potential in constant-voltage tests. 
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Fig. 6. Effective wet resistance of a completely formed 
film as a function of anode potential in constant-voltage 
tests. 


Specimens were anodized at 20°C until just before 
the resistance of the film was known to become un- 
steady. The thickness of films on zinc (see Table I) 
appeared to be largely independent of current in 
constant-current tests (mean about 4y) and inde- 
pendent of anode potential in constant-voltage tests 
(mean about 2.54). Films on Mazak 3 were thicker 
than those on zinc. Films on the chill-cast Zn-4% 
Al alloy were not significantly different in thickness 
from those on Mazak 3. Exceptionally thick films on 
Mazak 3 (7-8) were formed at 40-50 ma/cm* in 
constant-current tests and at 16-30 v in constant- 
voltage tests. These films took much longer to form 
than any of the others. 

Rather thicker films were formed at 0° than at 
20°C both at constant voltage and constant current, 
but the thicknesses of films formed at 50°C were the 
same as those of films formed at 20°C. 

Analysis.—Specimens were dried over silica gel 
for several days. On ignition at 700°C films produced 
by anodizing zinc at 60 ma/cm* lost about 15% by 
weight. This was mainly water, including combined 
water, and it probably included a trace of carbon 
dioxide. The zinc content of these films before igni- 
tion, determined microchemically by a titrimetric 
dithizone procedure, was equivalent to 84° zinc 
oxide. 

The x-ray diffraction pattern of films removed 
from zinc indicated the presence of zinc oxide in the 
film; the lines were diffuse, suggesting that the 
crystal size was small, possibly between 10° and 10° 
cm. No further information was obtained from elec- 
tron diffraction examination although the diffraction 
pattern was less diffuse. 

Porosity and cell structure of white films on zinc: 
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Table |. Thickness and porosity of films formed at 20°C 


Films on 


Mazak 3 Films on zinc 


Thickness,* 4 Thickness,* ~ Porosity,* % 


Anodizing conditions 


Constant current 
density, ma/cm? 
40 
50 
60 
70 
100 
150 
200 


Constant voltage, v 


* Mean of duplicate tests. 


Electron microscopy.—In many cases carbon replicas 
of the outer surfaces of anodic films on zinc could not 
be interpreted, but some evidence of an hexagonal 
cell structure was obtained from a film formed at 
45 v as shown in Fig. 7, the cell width being about 
3000A. 

Very thin films examined by direct-transmission 
appeared to be porous (see Fig. 8). Three constant- 
current films formed by anodizing zinc for 1 sec and 
2 sec at 60 ma/cm* and for 0.6 sec at 200 ma/cm* 
were examined in this way; the distance between the 
pores was about 500A in each case, with no de- 
tectable difference between the two current densities. 
Determination of porosity from the apparent density. 
—Apparent densities were in the range 1.8-3.5 
g/cm’. In calculating the porosity a correction was 
made for the presence of 15% water in the films, 
and the density of zincite (5.60 g/cm") was taken to 
be the density of the nonporous oxide. The porosities 
of duplicate films from zine anodized at a range of 
constant-currents and constant-voltages are given in 
Table I. Within the limits of the experimental error 
(+15°%) the porosity, with a mean value of 45%, 
appeared to be independent of anodizing conditions. 

After-treatment of anodic films on zinc: 
Composition of autoclaved films.—The films for anal- 
ysis were made by anodizing in a solution of 0.146N 
sodium hydroxide, 0.054N sodium carbonate to just 
before the sparking voltage and they were auto- 
claved in a solution of 200 g/] sodium silicate “Q79” 
containing 8.80 Na.O, 29% SiO., 62.2% H.O for 30 
min at 150°C. The films were isolated (6) and then 
analyzed in the same way as anodized films. Silica 
was determined spectrophotometrically as reduced 
silicomolybdate. 

The total water content of films produced at con- 
stant current density was about 10°. The ZnO: SiO. 
ratio increased from 2:1 to nearly 3:1 as the current 
density was increased from 60 to 200 ma/cm’, al- 
though films formed to completion at 60 ma/cm* and 
200 ma/cm’ resembled each other closely in thickness 
and porosity. 

Only lines corresponding to zinc oxide were iden- 
tified in x-ray and electron diffraction photographs. 
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Fig. 7. Electron micrograph of surface of film, showing 
cell structure. Zinc anodized | min at 45 v. X 10,000 


Fig. 8. Direct transmission electron micrograph of film, 
showing pores. Zinc anodized 2 sec at 60 ma/cm’. X 32,500 


In view of the change of the chemical properties of 
the film on autoclaving it would be surprising if 
silica had not entered into chemical combination 
with zine oxide to some extent. 

Properties of autoclaved films: 

Appearance and abrasion resistance.—Films were 
generally smooth and off-white after autoclaving in 
a variety of different silicate solutions at 150°C for 
30 min. For a given autoclave treatment the abra- 
sion resistance of the films depended in a complicated 
way on the anodizing conditions, the ratio of abra- 
sion resistances before and after autoclaving varying 
from 1 to 7. For a given set of anodizing conditions, 
e.g., 0°C and 50 ma/cm’, the abrasion resistance of 
the autoclaved samples increased roughly linearly 
with the thickness, the duration of the anodic treat- 
ment, and the maximum anodic voltage. The highest 
values of abrasion resistance (about 7000 ml of abra- 
sive) were obtained by using an autoclaving solution 
with a relatively high SiO,: Na.O ratio (about 3.3-3.6) 
at a relatively high concentration of about 400 g/l 
sodium silicate (water glass). 

The autoclaved films accepted some dyes from 
acidified solutions, the intensity of the color pro- 
duced generally increasing as the pH of the dye de- 
creased. Dyeing was aided by boiling autoclaved 
samples in a solution of chromium oxalate the pH 
of which had been adjusted to 7.4 with NaOH. 
Corrosion resistance.—Anodized and autoclaved 
samples suffered hardly any deterioration after 1 
week's exposure to humid conditions in contrast to 
unautoclaved samples which corroded quickly. After 
96 hr in an atmosphere of 95°. relative humidity 
containing 3°, sulphur dioxide the samples were at- 
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tacked strongly as were some samples of chromated 
zine and of anodized aluminum. 

After treatment of anodized zinc alloy die-castings.— 
Films on zine alloy were affected adversely during 
autoclaving in some solutions in which the corre- 
sponding films on pure zinc remained intact. The 
adverse effects included flaking and darkening which 
occurred particularly when anodizing had been car- 
ried out in solutions containing borates. By adding 
phosphoric acid to the normal autoclaving solutions 
or by using solutions of lower alkaline content, flak- 
ing, but not darkening could be avoided. In some 
cases a fine mottled effect was observed; the pat- 
tern of flow marks was usually found on treated 
commercial die-castings. Smooth, almost white films 
were obtained when certain anodized films were 
autoclaved in a solution of 400 g/l sodium silicate 
“Q79” (pH 11.1) but not for all conditions of anodiz- 
ing. 

The abrasion resistance of anodized and auto- 
claved samples of zinc alloy was about 3500 ml of 
abrasive for samples anodized in a NaOH-Na.CO, 
solution with a fixed external resistance of 1000 
ohms and autoclaved in water glass containing phos- 
phoric acid, but this value was not accurately re- 
producible. 

The ability of treated zinc alloy to accept dyes is 
similar to that of treated zinc. 

A few tests suggest that the corrosion resistance of 
treated zinc alloys resembles that of treated pure 
zinc. Some anodized and autoclaved zinc alloy die- 
castings were attacked considerably when exposed to 
an industrial atmosphere for several months. 


Discussion 


Composition, Structure, and Color of Anodic Films 
on Zinc 


The results of chemical and x-ray diffraction anal- 
ysis indicated that the white anodic films consisted 
essentially of zinc oxide. The same result was ob- 
tained by Huber for a white film formed under dif- 
ferent conditions (6). 

Huber found that loose white coatings were 
formed when zinc was anodized at cell voltages up 
to 2 v in N NaOH solution and that white or dark 
films were formed and oxygen was evolved at volt- 
ages between 4 and 6 v, the color of the film depend- 
ing on composition and pH of solution. The present 
results show that continuous white films are formed 
at still higher voltages in a variety of similar so- 
lutions. 

The dark appearance of certain films is due to the 
presence of finely divided zinc (4); such films turn 
white if heated in air because the free zinc is oxi- 
dized. The resistivity of normal zinc oxide, an excess 
metal semiconductor, is of the order of 10 ohm-cm, 
and this increases to 10° ohms when the oxide is kept 
for 30 hr at 900°C in 120 atm pressure of oxygen (9). 
Dried white anodized films on zinc had a resistivity 
of more than 10" ohm-cm indicating that the com- 
position of such films approaches still more closely 
that of stoichiometric zinc oxide, ZnO. 

The transmission electron micrograph in Fig. 8 
demonstrates the porosity of films about 100A thick 
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whose structure was probably that of black films. 
The distance between pores was independent of cur- 
rent density. Huber and Bieri (5) found that films 
formed in N NaOH solution did not develop any 
porosity till they were about 2000A thick. In thick 
anodic films on aluminum the distance between pores 
was also independent of current density (11), but 
thin anodic films on aluminum appear to be different, 
in that the distance between pores increased with the 
forming voltage (10,11). 

The porosity of thick anodic films on zinc calcu- 
lated from measurements of the apparent density 
(Table I) was about 45% independent of electrical 
conditions of formation, while that of anodic films on 
aluminum has been calculated from data on the num- 
ber and diameter of pores to vary from about 50% 
at 10 v to less than 2% at 100 v (10). Some evidence 
has been found for a hexagonal cell structure similar 
to that on certain anodic films on aluminum, the cell 
size of about 3000A in a film formed at 45 v being 
of the same order as that of the largest cells ob- 
served in films on aluminum. 

In view of the large porosity of the films the re- 
sistance of the electrolyte in the pores is small and 
in order to account for the relatively high effective 
wet resistance it is necessary to postulate a non- 
porous barrier layer adjacent to the basis metal. 


The Barrier Layer 


The wet resistance of the black films is seen in Fig. 
6 to drop rapidly with increasing voltage. This sug- 
gests that the concentration of metallic zinc in the 
barrier layer of the black film increases with in- 
creasing voltage, rapidly at first and then more 
slowly. 

The slope of the curves of resistance vs. voltage 
and vs. current density changes its direction at 4 v 
and at 40 ma/cm’, respectively. The change in the 
nature of the barrier layer which is responsible for 
this reversal is presumably the same as that which is 
known to take place at this stage in the porous part 
of the layer, viz., the oxidation of metallic zinc. This 
change is accompanied by a change in the mechanism 
of conduction which, in white films, is dependent on 
the presence of interstitial zinc ions. 

The changes in the wet resistance of the film can- 
not, however, be interpreted solely in terms of 
changes in the thickness of the barrier layer, i.e., 
without taking into account the changes in resistivity 
which probably occur. The resistivity is influenced 
by the concentration of interstitial zinc ions, and, 
since this concentration may be expected to increase 
with increasing field strength the resistivity prob- 
ably falls as the field strength increases (12). An- 
other factor, which also tends to cause a fall in the 
resistivity of the barrier with increasing field 
strength, while it is being formed, is the increasing 
amount of heat evolved (13, 14). 

For these reasons the rate of increase of the thick- 
ness of the barrier layer of white films with in- 
creasing voltage is probably greater than the rate 
of increase in the wet resistance of the film (Fig. 7). 

In constant-current tests the increase in resistance 
at any given current density (directly proportional 
to the increase in voltage in Fig. 2A and 2B) may be 
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a fair measure of the increase in thickness, since the 
concentration of interstitial zinc ions is presumably 
constant and a mean equilibrium will be quickly 
established. Fig. 2A and 2B suggest that the thick- 
ness of the barrier layer increases linearly with time 
after an initial period during which it appears to 
increase more slowly. 


Influence of Aluminum on the Barrier Layer 


In the anodizing of Mazak 3 the linear and loga- 
rithmic rates of increase of the effective wet re- 
sistance were less than the corresponding rates for 
zinc. 

It seems likely that aluminum enters the barrier 
layer and changes its properties and its rate of 
growth. The presence of aluminum in zinc reduces 
the rate of atmospheric oxidation—0.1 at. ™ Al re- 
ducing the rate of oxidation 100-fold at 390°C (15), 
and Wagner’s theory of oxidation attributes this to 
the displacement from the lattice of interstitial zinc 
ions whose diffusion is the rate-controlling process in 
atmospheric oxidation. It is reasonable to suppose 
that the rate of growth of the barrier layer in anodic 
oxidation is controlled by the same process, and it 
would follow that the layer should grow more slowly 
on Mazak 3 than on zinc. 

In entering the zinc oxide lattice aluminum ions 
also increase its conductivity by increasing the con- 
centration of electrons in the conduction band—1l 
mole ™% AI.O, increasing the conductivity of zine 
oxide 1000-fold at 394°C (16). Although the con- 
centration of aluminum in the barrier layer of ano- 
dized films on Mazak 3 is not known, it seems likely 
that the conductivity of the layer is considerably 
greater than that of the corresponding layer on zinc. 

These two factors explain the lower rate of in- 
crease of the resistance of the barrier layer on Mazak 
3 in all experiments and the lower resistance of the 
layer in completely formed films in constant-voltage 
tests. 


Manuscript received June 5, 1958. This paper was 
prepared for delivery before the New York Meeting, 
April 27-May 1, 1958. 
Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1960 JoURNAL. 
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A Study of the Silver (I) Oxide-Silver (II) Oxide Electrode 


James F. Bonk and Alfred B. Garrett 
McPherson Chemical Laboratories, The Ohio State University, Columbus, Ohio 


ABSTRACT 


A reproducible emf of the cell Ag(c), AgsO(c)/NaOH 
Ag.O (c), Pt is found to be 0.262 v at 25°C. From this value and the known po- 


(1M) /AgO(c), 


tential of the Ag, Ag.O electrode, the standard oxidation potential of the Ag,O, 


AgO electrode is 


0.604 v. The temperature coefficient of the cell is +2.20 x 10° 


v/deg. The free energy, enthalpy, and entropy changes for the cell reaction are 

6049 cal, —4537 cal, and 5.07 cal/deg, respectively. From these values and the 
existing thermodynamic data on Ag and Ag.O, values of 3463 cal, —2769 cal, 
and 13.81 cal/deg are calculated, respectively, for the free energy and enthalpy 


The purpose of this research is to present data on 
the electrode potential of the silver (II) oxide elec- 
trode over the temperature range 20°-30°C. Various 
investigators (1-5) have established in studies of the 
silver (II) oxide-zinc-alkali battery that a cell hav- 
ing an AgO cathode has twice the capacity of a simi- 
lar cell having an Ag.O cathode, but at high current 
drains the discharge of an AgO cathode to free silver 
takes place in a single step at a potential correspond- 
ing to that of an Ag.O cathode. At low current drains, 
however, there occurs a two step reduction in volt- 
age (1) which would be expected in view of the re- 
sults of a number of earlier studies involving AgO. 

Marsh (6) determined the potential of Ag.O 
against AgO to be 0.15 v. From this datum and the 
known oxidation potential for the Ag, Ag.O elec- 
trode of —0.342 v (7),' a value of —0.49 v can be cal- 
culated for the Ag.O, AgO oxidation potential. Early 
studies by Luther and Pokorny (8) indicated a step- 
wise reduction of AgO~> Ag.O- Ag at electrode po- 
tentials of 0.57 v and 0.344 v, respectively. The pre- 
ceding values were determined from cells using Hg, 
HgO reference electrodes and samples of AgO pre- 
pared by the anodic oxidation of Ag in alkali. Un- 
fortunately, conflicting values of 0.927 and 0.962 v 
are given in the original reference for the emf of the 
cell 


Hg, HgO/NaOH(1N)/H.(1 atm) [A] 


The difference of 0.035 v may have led to conflicting 
values for the Ag.O, AgO potential. Latimer (9) ac- 
cepts the oxidation potential obtained directly from 
Luther and Pokorny’s data (—0.57 v). Hickling and 
Taylor (10), however, correct the original data by 
0.04 v so as to produce a value of —0.61 v for the 
Ag.O, AgO oxidation potential. No explanation of 
this 0.04-v correction is given by Hickling and Tay- 
lor, but Jones, Thirsk, and Wynne-Jones (11) sug- 
gest that the correction may be connected with the 
potential of the cell 

Signs given for oxidation potentials in this paper are consistent 
with those used by Hamer and Craig ‘7) in their study of the Ag, 
Ag,O electrode and with those of Latimer'’s (9) oxidation potentials. 
The electrode potential, as defined by The Electrochemical Society 


and by the IUPAC Stockholm convention, has the opposite algebraic 
sign 


of formation and for the entropy of AgO at 25°C. 


H./OH (N)/calomel 


which Hickling and Taylor used in their study. It is 
also possible that a 0.04-v correction can be made for 
the 0.035-v inconsistency in the reported emf of cell 
[A]. From studies of Jirsa (12) and Jirsa and Jelinek 
(13) on cells of the type 


H./NaOH(M)/Ag.0,Ag [C] 
a value of about —0.60 v can be calculated for the 
Ag.O, AgO oxidation potential at 25°C. 
In view of the inconsistencies which exist with 
regard to the potential of the couple 
Ag.O + 2OH — 2AgO + H.O + 2e [1] 


it was deemed advisable to reinvestigate the emf as- 
sociated with the Ag.O, AgO electrode. Such an in- 
vestigation also makes possible the evaluation of 
some important thermodynamic functions of AgO 
which at present have not been determined reliably. 


Experimental 
In this study of the Ag.O, AgO electrode, cells of 
the following type were employed 


Pt,Ag(c), Ag.O(c) /NaOH(1M)/AgO(c), 
Ag.O(c), Pt [D] 


The reactions occurring in the cell would be 
(Cathode) 2AgO + H.O + 2e ~ Ag.O + 20H 
(Anode) 


[2] 
2Ag + 20H > Ag.0+H.0+2e [3] 


Thus, the over-all cell reaction for 1 faraday may be 
considered to be 


AgO(c) + Ag(c) = Ag.O(c) [4] 


As this reaction indicates, it is not practical to re- 
place the platinum contact by a silver contact in this 
cell since reaction [4] can then occur completely at 
the cathode. Confirmation of this was obtained in a 
preliminary study of the cell 


Ag, Ag.O/NaOH(1M)/AgO, Ag.O, [E] 


In less than 1 min the voltage of cell [E] dropped 
from about 0.25 v to less than 0.01 v. In a half hour 
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the voltage had dropped almost to zero. Therefore, 
it is necessary to use an inert substance such as 
platinum in the construction of the Ag.O, AgO elec- 
trode. 

In constructing cell [D], reproducible and highly 
stable Ag, Ag.O electrodes, prepared as directed by 
Hamer and Craig’s method number two (7), were 
used as reference electrodes. The Ag.O used in the 
preparation of the electrodes was of certified reagent 
grade.” Two different sources of AgO were employed 
in the preparation of electrodes: (a) “Divasil’” and 
(b) AgO prepared from reagent grade chemicals by 
Kleinberg’s method (14), in which AgNO, was oxi- 
dized by K.S.O, in NaOH at 90°C. The resulting AgO 
was washed numerous times, filtered, and allowed 
to dry in an atmosphere of nitrogen in a desiccator. 
Analyses of AgO samples, carried out iodimetrically 
by Dutta’s method (15), averaged 98% AgO for 
samples of “Divasil’’ and 99.0 to 99.5% AgO for 
preparations carried out by Kleinberg’s method. 

In assembling the cell, an H-type Pyrex glass con- 
tainer was used. The legs were 1.5 cm in diameter 
by 12.5 cm long and were connected near the top 
by a cross-tube 5 cm long and 0.8 cm in diameter. 
In one leg was placed the sample of AgO which had 
been thoroughly mixed with a small amount of Ag.O 
and then repeatedly washed with the 1M NaOH 
which was to be used in filling the cell. After filling 
the cell with 1M NaOH, a rubber stopper, through 
which extended a 5 mm soft glass tube with a Pt- 
helix sealed into one end, was inserted into the leg 
of the H-tube in such a way that the Pt-helix was 
completely covered by the oxide slurry. Into the 
other leg of the H-cell, the reference electrode was 
inserted and held in place by means of a rubber 
stopper. The assembled cell was then placed in a 
bath in which a desired temperature could be main- 
tained within 0.02°C. All temperature measurements 
were made with a National Bureau of Standards 
certified thermometer graduated in 0.02°C intervals 
in the range from 18° to 30°C. Measurements of emf 
were made by means of a L&N type K-2 pontentiom- 
eter which was calibrated against a Rubicon poten- 
tiometer of known accuracy. The standard cell em- 
ployed was calibrated against a standard cell certi- 
fied by the National Bureau of Standards. 


“Supplied by the Merck Chemical Company. 


Table |. Electromotive force at 25°C of cell [D} 


Type of reference 
electrode 


Type of AgO 


Cell No. Emf, v employed 


0.2622 
0.2625 
0.2620 
0.2625 
0.2608 
0.2610 
0.2618 
0.2615 
0.2616 
0.2614 


Pasted 
Pasted 
Pasted 
Pasted 
Pasted 
Pasted 
Pasted 
Pasted 
Slurry 
Slurry 


Freshly prepared 
Freshly prepared 
Freshly prepared 
Freshly prepared 
“Divasil” 
“Divasil” 
“Divasil” 
“Divasil” 
“Divasil” 
“Divasil” 


* Reference Ag, Ag-O electrode prepared by Hamer and Craig's 
(7) method No. 2; AgO used was prepared by Kleinberg’s (14) 
method. 


SILVER (II) OXIDE ELECTRODE 


Table II. Electromotive force at 25°C of cell No. 4 
as a function of time 


Time, 
Emf, v days 


0.2625 
0.2622 
0.2616 
0.2614 1 


Table III. Electromotive force at various temperatures 
in order of observation 


#2 Cell #3 
Emf, v Temp, °C Emf, v 


Cell 
Temp, °C 


Cell #1 
Temp, °C Emf,v 


30.00 
27.00 
25.00 
23.00 
20.00 


0.26327 
0.26261 
0.26217 
0.26173 
0.26108 


25.00 
20.00 
23.00 
25.00 
28.00 
30.00 


0.26252 
0.26142 
0.26208 
0.26252 
0.26318 
0.26362 


+ 0.220 


25.00 
20.00 
22.00 
25.00 
27.00 
30.00 


0.26198 
0.26087 
0.26131 
0.26198 
0.26242 
0.26308 


dE/dT +0.221 


(mv/°C) 
Average value of dE/dT 


+0.219 
2.20 x 10° v/deg at 25°C. 


In Table I are given the emf’s found at 25°C for 
cell [D]. New samples of AgO were prepared freshly 
by Kleinberg’s method (14) for each of the first four 
cells. The average value for the emf of these cells 
is 0.2623 + 0.0002 v. Using 23,060.5 cal/abs volt. g-eq 
for the faraday (16) in the relation AF° —nFE°, 
the standard free energy change for cell reaction [4] 
is —6049 + 5 cal at 25°C. 

For comparison, four cells (No. 5 through 8) were 
prepared in the same manner using Merck’s “Di- 
vasil” instead of our own preparation of AgO. As 
can be seen in Table I, “Divasil’’ produces a slightly 
lower emf of 0.2613 + 0.0004 v at 25°C. For further 
comparison, slurry-type reference electrodes pre- 
pared by Hamer and Craig’s method No. 1 (7) were 
used in the preparation of two cells, No. 9 and 10. 
Comparison of the data in Table I for the two types 
of reference electrodes shows good agreement be- 
tween them. 

The stability of cell No. 4 was investigated by tak- 
ing emf measurements over a period of ten days at 
25°C (Table II). As can be seen, the emf slowly de- 
creases from 0.2625 v to 0.2610 v in this period of 
time. Aged AgO and “Divasil” seem to produce 
slightly lower and more stable potentials than 
freshly prepared AgO. 

The effect of temperature on the emf of cells No. 
1, 2, and 3 is given in Table III. Readings were taken 
at each temperature when a constant emf value had 
been maintained for at least 1 hr. No appreciable 
emf-temperature hysteresis occurred as is clearly 
shown by the reproducibility of 25°C emf’s in cells 
No. 2 and 3. The average value for the coefficient at 
25°C is +2.20 x 10‘ v/deg which gives AS° for cell 
reaction [4] as 5.07 + 0.02 cal/deg since AS° = nF 
(dE°/dT). The enthalpy AH° of cell reaction [4] is 
—4537 + 11 cal at 25°C since AH*° = AF* + TAS”. 


Thermochemistry 
From the standard value —2586 cal for the free 
energy of formation of Ag.O (16) and our value of 


Time, 
days Emt, v 
0.5 7 0.2613 
1 8 2.2612 
6 0 0.2610 
coe 
| 
4 
oh 
1* 
5 
9 
10 
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6049 = 5 cal for the standard free energy of cell 
reaction [4], a value of 3463+ 5 cal is calculated 
for the standard free energy of formation of AgO. 
The entropy of reaction [4] is given by 


AS S*(Ag.O) — S° (Ag) — S°(AgO) [5] 


The values for S°(Ag.O) and S°(Ag) are, respec- 
tively, 29.09 and 10.21 cal/deg (16). From these 
values and our value of 5.07 + 0.02 cal/deg for AS°, 
a value of 13.81 + 0.02 cal/deg is calculated for 
S°(AgO). 

In a similar manner, our value of —4537 + 11 cal 
for the enthalpy of reaction [4] together with —7306 
cal for the heat of formation of Ag.O (16) leads to a 
value of —2769 + 11 cal for the heat of formation of 
AgO at 25°C. Latimer (9) gives —6.0 kcal/mole for 
this heat of formation of AgO which he attributes to 
the National Bureau of Standards. Actually, Circular 
500 (16) gives —6.3 kcal/mole as the heat of forma- 
tion of Ag.O. (not AgO) from which the heat of 
formation of AgO would be —3.15 kcal/mole. This 
value is obtained from thermochemical measure- 
ments made by Jirsa (12). Jirsa’s studies involved 
the determination of the heats of solution of Ag.O 
and AgO in acids. Taking HCIO, as an example 


2AgO + 2HCI1O,(aq) > 


2AgClO,(aq) + H.O + % O, + 10964 cal 
Ag.O + 2HCIO,(aq) ~ 2AgClO,(aq) + H.O + 9964 cal 


By subtraction 
2AgO ~ Ag.O + % O, + 1000 cal 


However, Jirsa found that the difference between 
the two heats of solution was not a constant 1000 cal 
but varied from 1197 cal to 1956 cal as the acid 
strength varied from 20% to 70°, respectively. The 
1000-cal difference was obtained by a questionable 
extrapolation of these data to zero concentration of 
acid. Using 1000 cal as the approximate difference 
between the heats of solution of the oxides and the 
known heat of formation of Ag.O (16), an approxi- 
mate value of —3.15 kcal/mole can be calculated for 
the heat of formation of AgO. Thus no great dis- 
crepancy exists between Jirsa’s value of —3.15 kcal/ 
mole and our more accurate value of —2.769 kcal/ 
mole. The discrepancy becomes even smaller when 
Jirsa’s actual calorimetric values are substituted for 
his extrapolated value. 


Electrode Potential 


From our value of 0.262 v for the emf of cell [D] 
and the value —0.342 v (7) for the oxidation poten- 
tial of half-reaction [3], a value of —0.604 v can be 
calculated for the standard oxidation potential of 
couple [1]. The standard electrode potential of this 
couple is, therefore, 0.604 v. 

Our value of —0.604 v is in poor agreement with 

0.49 v calculated from Marsh’s data (6). Since no 
experimental data are given in the reference, it is not 
possible to make a further evaluation of this dis- 
crepancy. Our oxidation potential does agree well 
with the value —0.60 v calculated from Jirsa’s work 
(12,13) and with Hickling and Taylor’s (10) cor- 
rection of Luther and Pokorny’s (8) data. Although 
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the corrected value does agree well with our data, 
such a correction does not seem justifiable for a 
number of reasons. 


First, applying a 0.04-v correction to the other 
data obtained by Luther and Pokorny would give a 
value of +0.38 v for the standard electrode potential 
of Ag, Ag.O and a value of +0.78 v for the AgO, 
Ag.O,(?) electrode potential. These values are both 
0.04 v higher than other determinations (7,9, 13). 

Second, using samples of AgO prepared by a 
variety of methods, Luther and Pokorny obtained 
data from which values of —0.56 to —0.60 v can be 
calculated for the standard oxidation potential of 
the Ag.O, AgO electrode. Since the same Hg, HgO 
reference electrode was used in all these determina- 
tions, it seems reasonable to attribute the variation 
in the standard potential to the method of prepara- 
tion of AgO. The cell from which the highest oxida- 
tion emf value (—0.56 v) was obtained by Luther 
and Pokorny contained AgO prepared by the anodic 
oxidation of silver in dilute sulfuric acid. Due to the 
lack of experimental details, it is not possible to 
determine the exact method of preparation of the 
AgO electrode used in their study. However, in view 
of a later x-ray study (17) it is probable that the AgO 
electrode contained some free silver or silver in 
some oxidation state other than +2, which produced 
the higher oxidation emf value of —0.56 v. Luther 
and Pokorny’s accepted oxidation emf of —0.57 v 
was determined from samples of AgO prepared by 
the anodic oxidation of silver in alkali. Denison (1), 
however, has shown by x-ray studies that this 
electrolytic method produces AgO which still con- 
tains some free silver. Jones, Thirsk, and Wynne- 
Jones (11) also suggest the presence of a “suboxide”’ 
in AgO prepared by this electrolytic method. The 
lower oxidation emf of —0.60 v was obtained by 
Luther and Pokorny from cells containing AgO pre- 
pared both by the anodic oxidation of AgNO, and 
Ag.SO, solutions. This same value can be obtained 
from Jirsa’s (13) data on AgO prepared by the 
ozonization of powdered silver and from our data on 
AgO prepared by the alkaline oxidation of Ag(I) by 
K.S.O,. 

Thus it would appear that early electrolytic prep- 
arations of AgO from silver resulted in high stand- 
ard oxidation potentials for the Ag.O, AgO electrode. 
The other major methods of preparation produce a 
lower oxidation potential of about —0.60 v. In the 
case of AgO prepared by the alkaline oxidation of 
Ag.O by K.S.O,, we have accurately determined this 
lower oxidation potential to be —0.604 v for cou- 
ple [1]. 

In conclusion it is of interest to consider the ob- 
servations made on the commercial silver (II) oxide- 
zinc-alkali battery. Most interesting of these is the 
fact that the emf of the commercial cell on high cur- 
rent drains is the same whether AgO or Ag.0O is used 
as the cathodic material, but the capacity of a cell 
containing an AgO cathode is twice that of a similar 
cell containing an Ag.O cathode. In light of our study 
it seems possible to explain this observation in the 
same manner as Schumacher and Heise (18) ex- 
plained a similar phenomenon involving the corre- 
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sponding oxides of another coinage metal, Cu,O and 
CuO. The discharge may be considered to be repre- 
sented by the following reactions 


2AgO+2KOH+ Zn+H,O=K.Zn(OH),+Ag.0 [6] 
Ag.O + 2KOH + Zn + H.O = K.Zn(OH), + 2Ag [7] 


Reaction [6] predominates until the amount of Ag.O 
builds up at which point reaction [7] predominates. 
This would be consistent with the observation that a 
higher voltage is observed for a short time on low 
current drains (1). The fact that the AgO electrode 
has twice the capacity of an Ag.O electrode may be 
explained by reference to reaction [4]. The Ag.O 
used in reaction [7] is regenerated by means of re- 
action [4] until all the AgO has been consumed. In 
this way AgO can contribute to the total capacity of 
the cell without contributing to the potential, once 
reaction [7] becomes the predominant reaction. 


Manuscript received Nov. 10, 1958. 


Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1960 JOURNAL. 
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The Temperature Coefficients of Electrode Potentials 


The Isothermal and Thermal Coefficients—T he Standard lonic Entropy of Electrochemical 
Transport of the Hydrogen lon 


A. J. deBethune, T. S. Licht, and N. Swendeman 
Chemistry Department, Boston College, Chestnut Hill, Massachusetts 


ABSTRACT 


The temperature coefficient of the potential of an electrode can be defined 


experimentally by reference to (a) the potential of the SHE at the same tem- 
perature, (b) the potential of the same electrode at some fixed temperature. 
These two definitions give rise to the “isothermal” and “thermal” temperature 
coefficients of electrode potentials. The isothermal coefficient is AS/nF where 
AS is the reaction entropy of the “SHE//Electrode” cell. The thermal coefficient 
is S*/nF where S* is the entropy transported from the hot to the cold heat 
reservoir by the passage of n faradays of positive electricity through the cell 
from the cold to the hot electrode (before the onset of thermal diffusion). The 
entropy S* is divided into an entropy S*,s of electrochemical transport which 
determines the electrode temperature effect, and an entropy S*y of migration 
transport which determines the thermal liquid junction potential. 

By assuming that S*y is negligible in a saturated potassium chloride bridge, 
we have deduced that the thermal temperature coefficient of the SHE is +0.871 
mv/°C [hot electrode (+) terminal] at 25°C. The standard ionic entropy S**, 
of electrochemical transport of hydrogen ion is —4.48 cal/deg. Thermal tem- 
perature coefficients are computed for calomel, silver chloride, and copper sul- 
fate electrodes and are compared with experiment. Thermal and isothermal 
temperature coefficients are computed and tabulated for nearly 300 standard 


electrode potentials. 


The temperature coefficient of electrode poten- 
tials' can be defined experimentally in two ways, 
either as an “isothermal” or as a “thermal” temper- 
ature coefficient. The isothermal temperature co- 
efficient (dV/dT),..., is the derivative dE/dT of the 
emf’ E of the isothermal cell 


SHE // Electrolyte / Electrode [1] 


where the left electrode is a standard hydrogen 
electrode (SHE). In cell [1], the temperature of the 
two electrodes is varied in the same way. 

The thermal temperature coefficient (dV/dT),, is 
the derivative dE/dT. of the emf E of the thermal 
cell 


M(T,) / Electrode(T,) / Electrolyte(T,) / 

Electrolyte(T.) /Electrode(T.) /Electrode(T,)/M(T,) 

[2] 
in which T, is fixed and T, varies. When the thermal 
coefficient, as defined here, is positive, the hot elec- 
trode is the (+) terminal of cell [2]. Cell [2] can 
also be modified by the introduction of salt bridges 
across the liquid thermal boundary. 

The Gibbs-Helmholtz equation (5, 7,8) yields an 
expression for the isothermal temperature coefficient 
in the form 

The sign convention to be followed in this paper for single elec- 
trodes is that of the Gibbs-Stockholm electrode potential V (1-4) 
which is positive if the electrode in question is the (+) terminal 


of a cell whose other electrode is a standard hydrogen electrode 
(SHE) 


*The sign convention followed for whole cells is that of the 
Lewis-Stockholm cell emf E (2-6) which is positive when positive 
current tends to flow through the cell as written from left to right. 


(dV/AT) = SS/nF 


(sH—AG)/nFT [3] 


where AS, AH, and AG are the entropy, enthalpy, and 
free enthalpy (Gibbs free-energy), respectively, of 
the reaction which transfers n faradays of positive 
electricity through cell [1] from left to right. 


Thermal Temperature Coefficients 


Thermal temperature coefficients of electrode po- 
tentials have been studied by many investigators 
(9-36) since the pioneering work of Bouty (9). 
Much of the early work was reviewed by Lange 
(10). The electromotive force of a thermal cell (in 
its initial state) is the resultant of three effects: (a) 
the metallic thermocouple effect, (b) the electrode 
temperature effect, and (c) the thermal liquid junc- 
tion potential. Effect (a) can be eliminated by keep- 
ing all metal-metal junctions isothermal, as in cell 
[2], a technique used by Richards (13), or it can be 
corrected for, as in the work of Carr and Bonilla 
(31). Effect (a) has a magnitude of the order of 1% 
of the sum of (b) and (c) and will be considered 
eliminated in what follows. 

With the passage of time, a thermal cell is subject 
to thermal diffusion in the electrolyte (Soret effect) 
(18) as demonstrated experimentally by Agar and 
Breck (33). Thermal diffusion tends to concentrate 
strong electrolytes in the cold region. The resultant 
concentration gradient further changes the two elec- 
trode potentials, and the cell eventually reaches a 
new stationary state after thermal diffusion has be- 
come fully developed. However, most thermal cell 
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measurements have been conducted under ex- 
perimental conditions unfavorable to the develop- 
ment of the Soret effect, and the initial state of the 
cell then has been found to be stable for extended 
periods of time (up to 24 hr) (13, 30). Only the ini- 
tial state of thermal cells is considered here. 


Thermodynamics of Thermal Cells 


The driving force of a thermal cell is the transport 
(or flux) of entropy from a high-temperature heat 
reservoir (at T.) to a low-temperature heat reser- 
voir (at T,) as is the case for any heat engine. Let 
the entropy transported in a Carnot engine be S*. 
The product S*(T., — T,) is the useful work output of 
the engine. This work, divided by the electrical 
charge transported nF, gives the electromotive force 
E of the cell, i.e., 


E/(T, —T,) = dE/dT = S*/nF [4] 


The electromotive force is positive for that direction 
of the current flow which transports entropy re- 
versibly from the hot to the cold heat reservoir. The 
quantities of heat absorbed by the cell from the hot 
heat reservoir, and evolved to the cold heat reser- 
voir, are T.S* and T,S*, respectively (Peltier heats). 

The above analysis is too simple, since a thermal 
cell is the seat of two entropy fluxes: (a) a flux of 
entropy by heat conduction, and (b) a flux of en- 
tropy accompanying the flux of electricity. The 
former is irreversible while the latter can be made 
reversible by the use of a potentiometer. Consider 
cell [2] connected with a potentiometer. Let T, = 
T, + dT where dT is positive. The electrical poten- 
tials of the left and right terminals are V and V + 
dV, respectively. Let the current I be positive when it 
flows through the cell from left to right. The entropy 
flux J is positive from the hot (right) to the cold 
(left) heat reservoir. 

The irreversible rate of production of Clausius’ 
uncompensated entropy (37,38) from these two 
fluxes is 

S = I(—dV/T) + JdT/T =0 [5] 


Following the methods of irreversible thermody- 
namics (39), one may write the phenomenological 
equations for the two fluxes: 


T= LyX, + LyX, [6] 
J = L,,X, + L,,X, [7] 


where X,=—dV/T and X,=dT/T. The L’s are 
phenomenological coefficients. By Ohm’s law, L,, is 
T/r where r is the total resistance of the circuit. The 
heat conductance of the system, at zero current, is 
given by L,, — L,,L,,/Lu, a quantity which must be 
positive. The interaction coefficients L;, and L,, serve 
to measure, respectively, the flow of electricity 
caused by a thermal gradient when the cell is short- 
circuited and the flow of entropy caused by an ap- 
plied emf when the cell is at uniform temperature. 
By the Onsager relations (40), the conjugate inter- 
action coefficients are equal, i.e., L,, = Ly. 

Equation [6] shows the current I as the resultant 
of two emf’s: (a) an externally applied emf —dV = 
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TX, determined by the potentiometer, and (b) a 
thermal emf dE = TL,,X,/L,, = L,dT/L, deter- 
mined by the applied temperature difference. At the 
balance point (J = 0), the potential difference dV 
equals the emf dE and 


—X,/X, = dE/dT = L,,/Li [8] 
By the Onsager relations, this becomes 
dE/dT = Ly,/Li [9] 


Suppose now that the cell is brought to uniform 
temperature and a small external emf applied (dV 
negative). The current flowing is I = L,,X, = nF/t if 
t is the time required for the passage of n faradays. 
At the same time, the entropy flux is J = L,,X, = S*/t 
if S* is the entropy transported from the right heat 
reservoir to the left heat reservoir, by the transfer 
of n faradays of positive electricity through the cell 
from left to right. And therefore 


dE/dT = (dV/dT)i6 = (J/I) aro = S*/nF [10] 


an expression derived from the Onsager relations 
which coincides with Eq. [4], obtained above from 
a consideration of a thermal cell as a quasi-Carnot 
engine. The entropy S* is seen to be the entropy 
transported from one heat reservoir to the other, 
by the flow of electricity, in the absence of a tem- 
perature gradient. 

The entropy S* is the sum of two terms: (a) an 
entropy S*, absorbed by the reaction at the right 
electrode from its heat reservoir and evolved by the 
reaction at the left electrode to its heat reservoir 
(S*, will be referred to as the entropy of electro- 
chemical transport); and (b) an entropy S*, trans- 
ported through the cell from right to left by elec- 
trolytic migration. An equal quantity of entropy 
then enters the cell from the right heat reservoir and 
leaves the cell at the left heat reservoir, in order to 
keep the temperature constant (S*, will be referred 
to as the entropy of migration transport). 

Consider cell [2] with two reversible iron-ferrous 
ion electrodes and a ferrous sulfate salt bridge. For 
the passage of 2 faradays through the cell from left 
to right, the reaction at the right electrode is Fe’’ + 
2e = Fe and the entropy S*, becomes 


S*, = S(Fe) — S*,(Fe’’) [11] 


where S(Fe) is the entropy of metallic iron while 
S*,(Fe*) is the ionic entropy of electrochemical 
transport of the ferrous ion. The entropy S*, is 


S*, = t.S*,(SO,-) — t.S*,(Fe**) [12] 


where the t’s are transference numbers, and the 
S*,,’s are ionic entropies of migration transport, of 
the two ions. The two transport entropies S*,, and 
S*,, for an ion*® do not coincide with its ordinary 
ionic entropy (based on the standard S°(H’) = 0 at 
all temperatures) and neither do they coincide with 
one another. S*,, is the entropy transported by an 


8 S*n; has been referred to (18, 29, 41) as the “absolute ionic en- 
tropy,"’ and S*y,; as the “entropy of transfer." Agar and Breck (33) 
have referred to Str: + S*m: as the “transported entropy” and to 
Sty: as the “molar entropy of transport.” See Temkin and Khoro- 
shin (33). 
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ion when it sheds its hydration sheath in one place 
and picks up a new hydration sheath in its new 
place. S",, is the entropy transported by the ion when 
it drags its hydration sheath with it across the cell 
(35, 36). The ionic entropy S*,, is equal, in ideal 
solutions, to —RT times the Soret coefficient of the 
ion. 

The thermal temperature coefficient of the iron- 
ferrous ion electrode, with a ferrous sulfate salt 
bridge, should therefore be given by 


(dV/dT) = S*,/2F + S*,/2F 


where S*, and S*, are given by[11]and[12] above.* 
The first term in Eq. [13] measures the electrode 
temperature effect, the second term the thermal 
liquid junction potential. The separation of a meas- 
ured thermal emf into these two terms is, strictly 
speaking, impossible. This separation can be accom- 
plished only with the help of certain arbitrary as- 
sumptions. 

An estimate of the thermal liquid junction poten- 
tial.—One such assumption, which we shall make 
now, is that the thermal liquid junction potential of a 
saturated potassium chloride salt bridge, as used in 
the experimental work of Fales and Mudge (14), is 
zero. This assumption, while arbitrary, can be looked 
upon as reasonable and approximately valid for the 
following reasons. 

In 1928, Eastman (42) estimated entropies of mi- 
gration of the ions of hydrogen, and alkali chlorides, 
in 0.02N solutions from measurements on electrolytic 
thermocouples. From his estimates, the following en- 
tropies of migration, and thermal liquid junction po- 
tentials (tljp), can be calculated. 


0.02M solution HCl LiCl NaCl KCl RbCl 
S*, (cal/deg) 7.7 0.03 0.36 0.49 —0.54 
tlip (mv/deg) 0.33 —0.001 —0.016 —0.021 —0.023 


(23.06 cal/deg 1 mv-faraday/deg). The negative 
sign means that the hot end of the thermal liquid 
junction dipole is negative. While the tljp of hydro- 
chlorie acid is significant, the tljp’s of dilute alkali 
chlorides are estimated to be not larger than 0.03 
mv/deg. 

With the assumption that the tljp of saturated 
potassium chloride is zero, Fales and Mudge’s (14) 
measurements lead to a value of the entropy of elec- 
trochemical transport S*, of the hydrogen ion, as 


* Equation [13] has been referred to as the Eastman thermocell 


equation (29) and applies to a thermal cell in its initial state, before 

the onset of thermal! diffusion. Wherever the Soret effect is allowed 

to develop, it can be shown, by introducing solute diffusion into 

the set of Onsager fluxes [6-7], that the cell reaches a final steady 

1 

state in which 2F(dV/dT) tn, tinnt = S*ef11) —(S*yiFer+) + 
1 

(Fer Here the second term 
2 


gives the effect of the thermally induced concentration gradient on 
the difference of the two electrode potentials, and the third term 
gives the final value of the liquid junction potential as a resultant 
of both temperature and concentration gradients. The whole ex- 
pression for the final state reduces to S*e{11) — S*w(Fer+). The 
corresponding equation [13] for the initial state takes the compara- 
ble form + S*mw{12). 

For an electrolyte which dissociates into »y. + vy. = yp ions, and 
for the passage of »;|\z:| faradays through electrodes of the metal 
Me reversible to the positive ion, the molal and ionic entropies are 
replaced by ».S(Me) or S*eti) or wiS*wti) in all of these ex- 


1 
pressions. The first in the expression for the final state is re- 


placed by v./r; the second — is replaced by p/p» for the positive 


jon and by »v./»v for the negative ion. 
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will be shown below. This in turn yields the S*, 
values of other ions, and from them, the thermal 
temperature coefficients of reversible electrodes 
(without tljp). When these calculated thermal co- 
efficients of electrodes are compared with experi- 
mental values, the difference may be used as an es- 
timate of the tljp in the experimental bridge. This 
study, which is still in progress, will be reported in 
detail in a companion paper (36). It is possible at 
this stage, however, to present certain tentative con- 
clusions. The estimated tljp’s of a variety of salts, 
in concentrations ranging from 0.001N to 1N, fall 
within +0.08 to —0.08 mv/deg that of a saturated 
potassium chloride bridge. For potassium chloride 
solutions, the estimated tljp’s are +0.03 to —0.03 
mv/deg; for sodium chloride, +0.02 to —0.02 mv/ 
deg; for lithium chloride, +0.05 to +0.07 mv/deg. 
For strong acids, the estimated tljp’s are around —0.3 
to —0.4 mv/deg. For strong alkalies, they are around 
+0.5 mv/deg. The latter two are consistent with the 
Soret effect in that the cold end of the thermal liquid 
junction dipole takes on the charge of the faster ion 
(H’ or OH’). Thus it seems probable that our as- 
sumption of zero tljp in a saturated potassium chlo- 
ride bridge will not be in error by more than about 
0.03 mv/deg. 

Since the saturated potassium chloride salt bridge 
is used widely in electrochemistry as method of 
“eliminating the liquid junction potential,” since it 
has been proposed by Scatchard (60) as a practical 
tool for the definition of single ion activities, since 
it is part of every cell that measures pH (61) or pCl 
(62), we felt justified in adopting it as a means of 
exploring further the subject of thermal temperature 
coefficients. In particular, our assumption opens up 
an avenue to the evaluation of the two transport 
entropy terms which appear in Eq. [13]. 

Thermal temperature coefficient of the 0.1N 
hydrogen ion saturated hydrogen gas electrode. 
—Fales and Mudge (14) investigated the emf of the 
isothermal cell 
Pt/H.(satd, total pressure 1 atm), 


0.1M HCl/satd KCl, Hg.Cl./Hg [14] 


in the temperature range 5°-60°C. We have calcu- 
lated the least squares expression 


E (cell [14] at t°C, mv) = 310.0 — 
0.46793 (t-25) — 0.0020617(t-25)* [15] 


which fits their data within the experimental scatter 
of a few tenths of a millivolt. In addition, Fales and 
Mudge investigated the emf’s of the thermal cells 
H/C, C/H, H/H, and C/C, where H and C denote the 
two electrodes of cell [14], with one electrode at 
25° and the other at 5°-60°, and with the thermal 
liquid junction located in a saturated potassium chlo- 
ride bridge. From their observations, we have cal- 
culated least squares expressions for the electrode 
potential V, referred to the potential V., of the same 
electrode at 25°, as follows: 


(V, — V.,) (Pt/H,(satd 1 atm), 0.1M HCl/satd KCl, 
mv) = +0.67273(t-25) + 0.0018351(t-25)*, [16] 


(V, — V.;.) (Hg/Hg.Cl., satd KCl, mv) = 


+ 0.21692(t-25) — 0.0010547(t-25)*° [17] 


a 
9 
* 
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Both expressions fit the data well within the ex- 
perimental scatter of a few tenths of a millivolt.’ At 
25°, the thermal temperature coefficients are +0.217 
mv/deg for the saturated calomel electrode, and 
+0.673 mv/deg for the 0.1N hydrogen electrode. 
Their difference, —0.456 mv/deg, is consistent with 
the isothermal coefficient —0.468 mv/deg observed 
for cell [14] (Eq. [15]). The uncertainty of these 25° 
values appears to be no more than 0.02 mv/deg. Over 
the temperature range 5°-60°, the isothermal tem- 
perature coefficient of cell [14] calculated from Eq. 
[15] agrees with the difference of the two thermal 
temperature coefficients calculated from Eq. [16] 
and [17] within +0.045 mv/deg. 

Correction to unit activity of hydrogen gas.—Fales 
and Mudge’s 0.1N hydrogen electrodes were satu- 
rated with hydrogen gas under total pressures of 
755-770 mm Hg. To correct to the standard state 
of hydrogen gas (partial pressure equal to 760 mm 
Hg), the term (RT/2F) In [p(H., mm)/760] must be 
added algebraically to the hydrogen electrode poten- 
tials as measured in any of their cells. The partial 
pressure of hydrogen can be computed by subtract- 
ing the vapor pressure of water (which holds very 
nearly in 0.1M hydrochloric acid) from their re- 
corded barometric data. When this correction is 
applied to their individual data, Eq. [15] is modified 
as follows 


E (cell [14] corrected to H, p.p. 1 atm, mv) = 
310.3 — 0.43520(t-25) — 0.00089234(t-25)* [18] 


while Eq. [16] becomes 


(V, — V.;) (Pt/H.(p.p 1 atm), 0.1M HCl/satd KCl, 
mv) = + 0.64023 (t-25) + 0.00064334(t-25)* [19] 


At 25°C, the thermal temperature coefficient of the 
0.1N hydrogen electrode is +0.640 mv/deg, after 
correction to unit activity of hydrogen gas. 
Correction to unit activity of hydrogen ion.—The 
Nernst equation for a reversible hydrogen electrode 
is 


V = V° + (RT/F) In [(H’)/(H.)"*] [20] 


The temperature derivative of this equation can be 
applied to both isothermal and thermal temperature 
coefficients of electrode potentials. When applied to 
the thermal coefficient, it yields’ 


(dV/dT). = (dV°/dT) + (R/F) In 
+ (RT/F) (dln [21] 


5 Neither of these expressions has been corrected for the thermo- 
couple effect. The status of the correction is not clear from Fales 
and Mudge’s paper. However, the emf’s of Hg/Cu and Pt/Cu ther- 
mocouples (43) amount to +0.0120 and + 0.0068 mv/deg at 25° [hot 
Cu terminal (+)]. These values fall within the experimental uncer- 
tainty of Fales and Mudge’s data of about 0.02 —0.04 mv/deg. 


* Applications of equations such as [20] and [21] come up against 
the thorny problem of defining the single ion activities which they 
involve. A practical rule is that of Scatchard (60): “We will define 
single ion activities as those measured with a use of a saturated po- 
tassium chloride bridge. ‘Such a definition does not contradict any 
measurements or theories which do not involve single ion activi- 
ties.’"’ A convenient rule for computation applicable to uni-univalent 
salts is to take the single ion activity equal to the measurable mean 
ion activity of the electrolyte (7). For multiply charged ions of 
binary salts, an extension of this rule, consistent with the Debye 
theory (44), is to take single ion activity coefficients as 1 =7 ~s,/8_ 

+ = 


and y =y7" /*, where z, and z. are the valences (with sign) of 


the cation and anion, respectively. These rules will be adopted in 
the present paper. 
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Fales and Mudge (14) reported their 0.1M hydro- 
chloric acid as 0.1003M. If one takes y = y, = 0.7967 
(45), the second term in Eq. [21] becomes equal to 
(0.1984 mv/deg) log (0.1003 x 0.7967) = —0.218 
mv/deg, when (H,) = 1. At constant molality, d In 
(H')/dT can be replaced by d In y /dT. From data 
of Bates and Bower (45, Eq. [5] in their paper), d 
log y./dT = —0.0002181 deg", and the third term in 
Eq. [21] is equal to (59.16 mv) (—0.0002181 deg”) 
= —0.013 mv/deg. 

Thermal temperature coefficient of the standard 
hydrogen electrode.—By taking (dV/dT)., = +0.640 
mv/deg in Eq. [21], one can obtain the thermal tem- 
perature coefficient of the standard hydrogen elec- 
trode (SHE) as (+0.640) — (—0.218) — (—0.013) = 
+0.871 mv/deg at 25°C. 

An independent experimental check of this value 
can be made as follows. The potential of the satu- 
rated potassium chloride calomel electrode (SCE) 
has been deduced from buffer measurements of (a) 
MaclInnes, Belcher, and Shedlovsky (46) and of (b) 
Baxter (47) to be: 10°C, +0.2540b; 12°, 0.2530a; 15° 
0.2508b; 18° 0.2489b; 20° 0.2476b; 25° 0.2446a, 
0.2443b; 30° 0.2410b; 35° 0.2376b; 38° 0.2375a, 
0.2356b; 40° 0.2342b. The isothermal temperature 
coefficient of the SCE at 25°C is obtained as —0.60 
mv/deg from set (a) and —0.66 mv/deg from set 
(b). These may be contrasted with Clark’s (61) 
earlier estimate of —0.76 mv/deg and Vellinger’s 
(48) of —0.66 mv/deg. The thermal temperature 
coefficient of the SCE has been observed as +0.217 
mv/deg, Fales and Mudge (14); +0.21, Ewing (15); 
+0.20, Cary and Baxter (25); +0.22, Bjerrum and 
Unmack (20); +0.234, Wingfield and Acree (23). 

The difference thermal minus isothermal coeffi- 
cient for the SCE should yield the thermal tempera- 
ture coefficient of the SHE. When this is done, ex- 
tremes ranging from +0.80 to +1.0 mv/deg are 
obtained. However, if —0.66 mv/deg is adopted as a 
preferred isothermal value and +0.22 mv/deg as a 
median thermal value, for the SCE, the thermal 
value +0.88 mv/deg is obtained for the SHE, which 
is very close to our own. The experimental uncer- 
tainty in these and other observations still amounts 
to a few hundredths of a millivolt per degree. It 
seems best to assign a precision measure of not less 
than +0.02 mv/deg and we shall therefore adopt, for 
the SHE at 25°C: 


(dV°/dT)..(H./H’) = +0.871 + 0.02 mv/deg [22] 


Standard ionic entropy of electrochemical trans- 
port of the hydrogen ion.—For the standard hydro- 
gen electrode, the entropy of electrochemical trans- 
port S*°, is given by 


S*°, = S°(H.) — 2S*°,(H") [23] 


for 2 faradays, and is equal to +0.871 mv/deg x 2F 


+1.742 mvF/deg = 40.17 cal/deg. Since the molal 
entropy of hydrogen gas is 31.211 cal/deg (6), the 
standard ionic entropy S*°, of H’ is computed as 
—4.48 cal/deg +0.5 cal/deg. This value may be con- 
trasted with estimates ranging from —1.5 to —6.3 
cal/deg reported by several authors (28, 29, 41). 

Since the entropy transported by a neutral sub- 


i 
= 
wh 
Bit 
¥ 
a 
Wat 
git 
¢ 
Te 
4 
ay 
4 
; 


620 JOURNAL OF THE ELECTROCHEMICAL SOCIETY July 1959 


stance should be independent of the particular way 
its entropy is divided into constituent ionic en- 
tropies, the standard entropies of electrochemical 
transport S*”,, of other ionic species can be obtained 
from their tabulated standard entropies S°, (referred 
to S°(H') = 0 at all temperatures) by the equation 


= S°, + z(—4.48 cal/deg) [24] 
where z, is the ionic charge (with sign). 


Calomel electrodes.—For the calomel electrode: 
2Hg + 2Cl Hg.Cl, + 2e, V° +0.2676 v, the en- 
tropy of electrochemical transport S*, is 


S*°, = 2S° (Hg) + 2S*°,(Cl-) — S° (Hg,Cl.) 
2(+18.5) + 2(13.2 + 4.48) — (46.8) 
25.56 cal/deg = 1.108 mvF/deg [25] 


Division by 2 faradays yields 
(dV°/dT),,( Hg/Hg.Cl., Cl) +0.554 mv/deg [26] 


The Nernst equation for this electrode and its tem- 
perature derivative (applied to the thermal coeffi- 
cient), are 


V = V° — (RT/F) In (CI) [27] 
and 


(dV/dT),., = (dV°/dT),., — (R/F) In (Cl) 
-(RT/F) (d In (Cl) /dT) [28] 


By means of Eq. [26] and [28], we have calculated 
the thermal temperature coefficients of 0.01, 0.1, 1.0, 
3.5, and 3.8N potassium chloride calomel electrodes 
and compared them with experimental observations 
on thermal cells in which the salt bridge contained 
the same concentration of potassium chloride as the 
electrodes (Table 1). The second term in Eq. [28] 
is equal to + (0.1984 mv/deg) pCl where pCl = — 
log (Cl), a quantity which can be equated to —log 
my (62). In the third term, the derivative dln 
(Cl )/dT can be replaced, at constant molality, by 
din y /dT. The latter quantity can be evaluated from 
data in Harned and Owen (49), the estimates for the 
two highest normalities are uncertain and have been 
put in parentheses in Table I. The third term in Eq. 
[28] amounts to + 0.002, 0.000, —0.021, (—0.07), and 
(—0.075) mv/deg for the five normalities studied. 
For the first three normalities, the third term could 
have been neglected without significant error while, 
for the last two, it is significant but uncertain. For 
the first three normalities, agreement between cal- 


culation and experiment falls by and large within 
+0.02 mv/deg, and no deviation exceeds 0.04 mv/ 
deg. For the two highest normalities, better agree- 
ment is attained when the third term is neglected. 
Inclusion of the third term (values in parentheses) 
leads to calculated values that are about 0.06 —0.07 
mv/deg low. 

The potential of the saturated potassium chloride 
calomel electrode (SCE) can be calculated from Eq. 
[27] with the chloride ion activity set equal to the 
square root of the activity of the saturated potassium 
chloride electrolyte. The latter in turn is equal to 
exp (—AG°/RT) where AG° is the standard free en- 
thalpy (Gibbs free energy) of solution of potassium 
chloride according to the reaction: KCl(c) = K‘ (aq) 
+ Cl (aq), and is equal to —1.224 kcal = —0.0532 v- 
faraday (6). The potential of the SCE is therefore 
equal to V(SCE) = V° + AG°/2F = +0.2676 v + 
(—0.0532 vF/2F) = +0.2410 v, a value which is con- 
sistent with observed values 0.2446 (46) and 0.2443 
(47) at 25°C after correction for the liquid junction 
potential by means of the Henderson equation. The 
thermal temperature coefficient of the SCE potential 
is then given by (dV/dT)..(SCE) = (dV°/dT).,— 
AS°/2F where AS° is the standard entropy of solu- 
tion of potassium chloride, and is equal to 17.94 cal/ 
deg = 0.778 mvF/deg (6). We can therefore cal- 
culate 


(dV/dT),.,(SCE) = +0.554 — (0.778/2) = 
+ 0.165 mv/deg 


at 25°C. The comparable experimental values al- 
ready have been quoted above as: +0.217 (14), 
+0.21 (15), +0.20 (25), +0.22 (20), and +0.234 
mv/deg (23). The calculated value here seems to be 
about 0.05 mv/deg low. 

Silver chloride electrode.—For the silver chloride 
electrode: Ag + Cl = AgCl+e, V° +0.2223 v, 
the entropy of electrochemical transport S*, is 


S*°, = S° (Ag) + S*°,(Cl-) — S° (AgCl) 
= (10.206) + (13.2 + 4.48) — (22.97) 
= 4.92 cal/deg = 0.214 mvF/deg [29] 
Division by 1 faraday yields 
(dV°/dT),,(Ag/AgCl, Cl’) = +0.214 mv/deg [30] 


This value may be compared with experiments of 
Tyrrell and Hollis (28) who deduce a value of 
+0.205 mv/deg for the standard thermal coefficient, 


Table |. Thermal temperature coefficients of unsaturated calomel electrodes 


Normality of KC] 0.01 0.1 
Molality 0.01002 0.1006 
y 0.901 0.770 


pCcl 2.042 1.111 
10° d In y/dT 0 
(dV/dT) » mv/deg 

Cale. +0.961 +0.774 


Obs. + 0.94" +0.79° 
+ 0.79" 
+ 0.792" 


* Values exclusive of the third term in Eq. [28]; ® Richards (13); 


1.0 3.5 3.8 
1.033 3.93 4.31 
0.607 0.578 0.58 


0.203 —0.356 —0.398 
(+27) (+29) 
+-0.573 + 0.48" +-0.475° 

(+0.41) (+0.40) 


+0.61° +0.47° +0.475 exposed" 
+-0.59° +-0.394 jacketed” 
+0.57"" 


* Sorensen and Linderstrom-Lang (17); 4 Based on Lewis and Ran- 


dall’s (50) observed dE/dT + 0.152 mv/deg for the cell: Hz(p.p. 1 atm) /0.1M HCl/Hg:Clo, Hg combined with the thermal value + 0.640 
mv/deg for the 0.1N hydrogen electrode; * Kolthoff and Tekelenburg (19); ‘ Burian (21); # deBethune, Licht, and Swendeman (36); * Wing- 


field and Acree (23). 
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Table Il. Thermal temperature coefficients of silver chloride electrodes 


Normality of chloride 0.001 
Y. 0.965"" 


pCl 3.02 


10‘ d In y/dT —0.6* 


(dV/dT) mv/deg 


Cale. +0.81° 


Obs. +0.77°°° 


0.1 1.0 
0.77° 0.61" 
0.78” 0.66" 
1.11 0.21° 
0.18” 
0° +8* 
—3 +4? 


+0.621° 
+0.623° 


+0.617° 
+0.620° 
+0.60°° 


+0.434* 
+0.442” 


+0.431°° 
+0.449% 


+0.235° 
+-0.239" 


+0.250°° 
+0.261"" 
+0.228°" 
+0.22°™ 


*KCl; > NaCl; © CsCl; 4 from Debye equation; * Levin and Bonilla (30); ‘ Bernhardt and Crockford (26); » deBethune, Licht, and Swen- 


deman (35), satd KCl bridge; * Gilbert (27). 


from their observations in sodium chloride solutions. 

For several nonstandard silver chloride electrodes, 
thermal temperature coefficients can be computed 
(neglecting the slight discrepancy between normal- 
ity and molality of chloride) and compared with ex- 
periment (Table II). The temperature effect on ac- 
tivity coefficients was estimated from data in Harned 
and Owen (49) or from the Debye theory (44). 
Agreement between calculation and experiment is 
within +0.02 mv/deg, the largest deviation is 0.04 
mv/deg. 

From the calculated values in Table II, the Peltier 
heat of the silver chloride electrode can be computed 
as TS*, = TnF(dV/dT),, = 4.27 and 2.98 kcal, in 
0.01N and 0.1N potassium chloride, respectively. 
Lange and Hesse’s calorimetrically observed values 
are 4.52 and 3.32 kcal, respectively (22). 

Copper-copper sulfate electrode—The standard 
potential of the copper electrode, Cu = Cu” + 2e, 
has been assigned values ranging from V° = +0.3448 
to +0.337 v (5-7,51-53) at 25°C. In general, the 
amalgam electrodes proved about 5 mv more noble 
than the pure metal. Tragert and Robertson (53) 
investigated the dependence of potential on crystal 
face orientation. For the most stable (111) plane, 
they found a potential of +0.3419 v. For unstable 
(110), (100), and (210) planes, the potential was 
about 4 mv more active and reverted in time to the 
(111) value. 

The entropy S*, of electrochemical transport for 
the copper electrode is 


S*°, = S°(Cu) —S*°,(Cu”) 
= (7.96) — (—23.6 — 2 x 4.48) 


= 40.52 cal/deg = 1.757 mvF/deg [31] 
Division by 2 faradays yields 


(dV°/dT),,(Cu/Cu) = +0.879 mv/deg [32] 


Bonnemay (32) has reported a value of +0.81 mv/ 
deg for the standard thermal coefficient from his ex- 
perimental observations. 

For unsaturated copper sulfate electrodes, the 
thermal temperature coefficient should be given by 
+0.879 + (R/2F) In (Cu’’) plus a third term involv- 
ing the temperature dependence of activity coeffi- 
cients which will be neglected here. This coefficient 
was measured by Meyer (12), Burian (21), Ewing 
(24), and other observers [see Lange (10)]. The 
bulk of the values, for copper sulfate concentrations 
from 0.02 to 1M, fall in the range +0.5 to +0.8 mv/ 
deg. The following approximate calculations can be 
carried out and compared with selected experimental 
values (Table III). Agreement between calculation 
and experiment falls here within about +0.05 mv/ 
deg. 

The saturated copper sulfate electrode is a popular 
reference electrode in corrosion field work (24, 34). 
Its potential at 25°C is given by V(Cu/satd CuSO,) 
= V° + (RT/2F) In (Cu" in satd CuSO,). The ac- 
tivity of cupric ion in saturated copper sulfate solu- 
tion may be set equal to the square root of the ac- 
tivity of saturated copper sulfate electrolyte. The 
latter is equal to exp (—AG°/RT) where AG° is the 
standard free enthalpy of solution of copper sulfate 
according to the equation CuSO,-5H.O(c) = Cu**(aq) 
+ SO, (aq) + 5H,O and is equal to +4.04 kcal = 
+0.1752 vF (6). The potential of the saturated cop- 
per sulfate electrode is therefore equal to V(Cu/satd 
CuSO,) = V° — AG°/4F = +0.3419 v —(0.1752 vF/ 
4F) = +0.2981 v at 25°C. The latter is in good 
agreement with data of Hall (54) who observed val- 
ues ranging from +0.302 to +0.317 on uncleaned 
copper, and +0.296 to +0.303 after nitric acid etch. 

The thermal temperature coefficient then is given 
by (dV/dT),, (Cu/satd CuSO,) (dV°/dT), + 


Table III. Thermal temperature coefficients of unsaturated copper sulfate electrodes 


Molarity of CuSO, 0.08 0.1 
0.17 0.16 


pCu 1.86 1.80 
(dV/dT) mv/deg 
Cale. +0.694 


Obs. +0.64* 


+-0.700 
+0.72° 


0.5 1.0 1.4 
0.068 0.047 0.04 (est) 


1.47 1.33 1.25 


+-0.733 
+0.75° 


+-0.747 


+0.69° 
+-0.79° 


+ 0.755 
+0.75° 


« Meyer (12); ® Burian (21); ¢ Ewing (24) found no variation when copper sulfate bridge was replaced by a potassium chloride bridge. 
Coefficients observed in range 28.5°-51°C. In 0.5M CuS0O,, observed value drops to +0.55 mv/deg at 0°C. 
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AS°/4F where AS° is the standard entropy of solu- 
tion of copper sulfate pentahydrate and is equal to 
—8.92 cal/deg = —0.3868 mvF (6). We can therefore 
calculate 


(dV/dT),,(Cu/satd CuSO,) = + 0.879 + (—0.3868/4) 
+0.782 mv/deg 


This calculated value may be compared with the ob- 
served values: Ewing’s +0.895 mv/deg (24) ob- 
served in the temperature range 0°-50°C with a 
copper sulfate bridge, and Scott’s +0.97 mv/deg 
(34) observed under field conditions with a soil 
bridge and a polarized steel structure as the constant 
temperature reference electrode. Ewing observed a 
distinct hysteresis in the behavior of the saturated 
copper sulfate electrode with temperature changes, 
Scott apparently did not. Although the agreement 
between calculation and experiment is only within 
0.1-0.2 mv/deg, it is sufficiently striking to confirm 
the validity of the ionic entropies of electrochemical 
transport deduced in this paper from Fales and 
Mudge’s observations (14) on the 0.1N hydrogen 
electrode together with the assumption that their 
saturated potassium chloride bridges eliminated the 
thermal liquid junction potential. 


Isothermal Temperature Coefficients 


Isothermal temperature coefficients of electrode 
potentials have already been defined above in terms 
of cell [1] and Eq. [3]. Consider cell [1] with a re- 
versible iron-ferrous ion electrode at the right-hand 
end. The entropy AS of the reaction which transfers 
2 faradays of positive electricity through cell [1] 
from left to right is 


AS = S(Fe) — S(Fe’’) + 2S°(H’) — S°(H.) [33] 


If the iron and ferrous ion are in their standard 
states, their standard molal entropies are 6.49 and 

27.1 cal/deg, respectively, at 25°C (6). Given the 
standard entropies of hydrogen gas and hydrogen ion 
as 31.211 cal/deg and zero, respectively, the standard 
reaction entropy of cell [1] is AS°[33] = +2.38 cal/ 
deg +0.1032 mvF/deg. Division by 2 faradays 
yields 


(dV°/dT) + 0.052 mv/deg 


The thermal temperature coefficient of the iron- 
ferrous ion electrode is determined by the electro- 
chemical transport entropy S*, already given in Eq. 
[11]. If we take S*°, (Fe**) —27.1 + 2 (—4.48) 

36.06 cal/deg, the standard transport entropy 
S*°, [11] becomes +42.55 cal/deg = +1.845 mvF/ 
deg. Division by 2 faradays yields 


(dV°/dT),,(Fe/Fe") = +0.923 mv/deg 


The difference thermal minus isothermal coeffi- 
cient for the iron-ferrous ion electrode becomes 
[S*,f[11] AS[33]]/2F [S(Fe*) — S*,(Fe*) — 
2S°(H') + S°(H.)]/2F = [—2S*°,(H*) + S°(H.)]/ 
2F, i.e., this difference is equal to the thermal tem- 
perature coefficient of the SHE. For the standard 
iron-ferrous ion electrode, this difference is equal to 
+0.923 — (+0.052) +0.871 mv/deg, ie., the 


July 1959 


numerical value assigned above to the SHE thermal 
coefficient. 

Thus the thermal temperature coefficient of any 
(standard or nonstandard) electrode potential, when 
computed according to the methods of this paper, can 
be converted to the corresponding isothermal tem- 
perature coefficient by subtraction of the numerical 
constant 0.871 mv/deg. 


Table of Temperature Coefficients 

Table IV lists a number of electrodes, their stand- 
ard electrode potentials, the thermal temperature 
coefficients computed according to the methods of 
this paper, and the isothermal temperature coeffi- 
cients computed from Eq. [3]. The data refer, except 
where noted, to 25°C. The entropy data were taken 
largely from Latimer (6). Whenever entropies were 
given only to the nearest cal/deg, the coefficients 
were rounded off to the nearest hundredth of a milli- 
volt per degree. Direct experimental observations, in 
addition to those discussed above in the text, are 
noted in parentheses. The agreement is usually 
within a few hundredths of a millivolt per degree for 
both thermal and isothermal temperature coeffi- 
cients. 

The temperature coefficient of the emf’ of any 
isothermal cell can be computed from the tempera- 
ture coefficients given in Table IV by taking the al- 
gebraic difference of the values listed for the two 
electrodes in the order: thermal right minus thermal 
left, or isothermal right minus isothermal left. 
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Table !V. Thermal and isothermal temperature coefficients Table IV (Continued) 
of the standard electrode potentials at 25°C —— 
The electrode potential V° is given a positive value if the elec- (dV°*/ (dV°/ 
trode is the (+) terminal of a cell whose second electrode is the aT) tn, AT) isoth, 
SHE. The thermal temperature coefficient (dV°/dT)m is given a Electrode V’.Vv mv/deg mv/deg 


positive yo the hot electrode is the (+) terminal in a thermal 
cell. The isothermal temperature coefficient (dV°/dT)isotn is given . 
a positive value if the electromotive force of the isothermal cell: 
SHE // Electrode, increases with the temperature. 


Sn (white) = Sn++ + 2e- —0.136 + 0.589 0.282 
av) lav) Pb = + 2e- 0.126 + 0.420 0.451 
(+ 0.45") 
Electrode W = WOs(c) + 0.090 +0.471 0.400 
(Acid Solution) PH; (g) = $e (white) + 3H* + 3e- —0.063« + 0.767 0.104 
(g) = (3/2) Ne + H+ + e- 3.404 — 0.322 1.193 2Hg + 2I- = + 2e- 0.0405 + 0.890 + 0.019 
HNs (aq) = (3/2)Nz + He + 3.09 —0.70 1.57 Hg + = Hele + 0.038¢ +0.91 + 0.04 
Li = ++ e- 3.045 40.337 — 0.534 H, = 2H+ + 2e-(SHE) *+0.0000 + 0.8719 +0.000/ 
= Ke +e 2.925 “0.209 1.080 He (sata, 1 atm) = + 0.0004" +0.904¢ +0.0334 
Rb = + e- 2.925 0. + 
Cu + Br- = CuBr + e- + 0.033 +0426 0.445 
Ra = Ra++ + 2e- 2.916" +0.28 UOgt = + + 0.05 + 1.45 +0.58 
Ba = Ba++ + 2e- 2.906" +048 0.39. Ag + Br- = AgBr + e- + 0.07134, + 0.363 0.508 
Sr = Sr++ + 2e- 2.888° + 0.680 0.191 (+0.07114, (+0.3207, (0.4884, 
Ca = Ca++ + 2e- 2.866" + 0.696 —0.175 + 0.0713) + — 0.5004) 
Na = Na* + e- 0 + 0.38%) 
(g) = Si + + 4e- + 0.102 + 0.674 0.197 
Nd Nd+++ + 3e- 2.431¢ + 0.995 40.124 —", = C(graphite) + + 0.13164 + 0.662 0.209 
Sm = Sm+++ + 40 + 1.00 4H* + 4e- 
Gd + 3e- 2 Cu + Cl- = CuCl + e- + 0.137 + 0.236 0.635 
Y = Y+++ + 8e- 2.3720 + 1.05 + 0.18 2Hg + 2Br- = Hg2Bre + 2e- + 0.1397 + 0.729 0.142 
Mg = Mg*+ + 2e- 2.363 + 0.974 + 0.103 S (rhombic) + + 0.1424 + 0.662 0.209 
Am = Am+++ + 3e- 2.320 + 0.960 + 0.089 2H* + 2e 
Lu = Lu+++ + 3e- 2.255 + 1.064 + 0.193 Np*++ = Np** + e- + 0.147 +2.23 + 1.36 
H- = (1/2) Ha + e- 2.25% 0.70° 1.57 = SboOs + + 0.152 + 0.496 0.375 
Hig) = H+ + e- 2.10654 + 1.38 0.511 * + 6e- 
Sc+++ 3e- 2.0774 + 1025 Cut = Cut+ + + 0.153 + 0.944 + 0.073 
Al + 6F- AlF.--- + 3e- 2.069 + 0.67 0.20 Bi Cl- = BiOCl + + 0.160¢ + 0.526 0.345 
Pu = Put++ + 3e- 2.031¢ 0.93 0.06 2H+ + 3e- 
Th = Th++ 1.899¢ +115 +028 + = SOe + +0.172¢ + 1.68 + 0.81 
N Np*++ + 3e- 0.817 0.054 + 
+056. Ag + Cl = AgCl + 0.2222 + 0.213 0.658 
U = U+++ + 3e- 1.789 + 0.80 0.07 (+ 0,2225¢, (— 0.6384, 
Al = Al+++ + 3e- 1.662" + 1.375 + 0.504 + 0.222347) 0.6537) 
Si + 6F- = SiFs-- + 4e- 1.244 + 0.22 0.65 Hg + 4Br- = HgBre + 2e- + 0.223¢ + 0.45 0.42 
Ti + 6F- = TiF.-- + 4e- 1.1914 0.09 0.96; HAsOz (aq) + + 0.24764 + 0.361 0.510 
Mn = Mn*+ + 2e- 1.180¢ + 0.79 0.08 
B + 3H:O = HsBOs(aq) + 0.8698" + 0.390 0.481 2Cl- + 2Hg = HgxCh + 2e- + 0.2676 + 0.554" oo 
3H*+ + 3e- .320°) 
B + 3H. = HsBOs(c) + 0.869¢ + 0.632 0.239 = UOst++ + + 0.330 0.40 1,27 
3H* + 3e- + + 2e- 

Si + 2H.O = SiO» (quartz) + 0.8574 + 0.497 0.374 Cu = Cur+ + 2e + 0.337 + 0.879" + 0.008 
Ag + 10s- = AglO 0303 0568. 
= 0.812% 0.494 0.377 g + 10s- = AglOs- + e 0.354 +0. 
HO = Re + = + + 0.362" + 0.36 0.51 

Zn = Zn++ + 2e- - 0.7628", 0.962 0.091 8H* + Te 
0:7626¢ (4.0.100°, HCN (aq) = 1/2C2No(g) + + 0.3734 + 0.275 0.596 
+ 0.1664) H+ + e- 
Tl + I- = Til + e- 0.752 + 0.721 0.150 = HeN2O2 + + 0.3874 + 0.43 0.44 
Cr = Cr+++ + 3e- 0.744¢ + 1.339 + 0.468 6H* + 4e 
H:Te(g) = Te + 2H* + 2e- 0.718° +1.151 + 0.280 S.O3* + 3HyO = 2HeSOs + + 0.400 0.39 1.26 
= Rh = RhCh--- +3e- 0.431 0.73 0.14 
Nb + 5H,O = Nb.O; 0.644« 0.48 0. + - = rel +0. +0. 145 
S + 3H,O = H:SOs + + 0.4500 +021 0.66 
Urs = U4 + 0.607« + 2.27 + 1.40 4H* + 4e 
AsHs(g) = As + 3H* + 3e- 0.607* + 0.82 0.05 2Ag + CrOy = AgeCrO, + 2e- + 0.464 0.287 1.158 
Tl + Cl- = TIC] + e- 0.5568* + 0.311 0.560 + 6H2O = + +0.51 0.44 —1.31 
(—0.579 4H+ + 6e 
amalgam, CoHe (g) = (g) + + 0.52 + 0.246 — 0.625 
0.611 2H+ + 2e 
crystal*) Cu = Cut + e- + 0.521 + 0.813 0.058 
Ga = Ga*+++ + 3e- 0.529" + 1.54 + 0.67 Te + 2H2:O = TeOz(c) + + 0.529 + 0.501 -0.370 
SbH;(g) =Sb + 3H* +3e- 0.510 + 0.81 0.06 4H* + 4e- 
+ 2H,O = + 0.508¢ + 0.45 0.42 21- = Inic) + 2e- + 0.5355 + 0.723 
H+ ~—0.150°) 
(aq) + 0.499« 0.51 0.36 31- = Is- + 2e- + 0.536 + 0.657 0.214 
+ + CuCl = + Cl- + + 0.538 +1521 +0650 
Fe = + 2e- 0.4402« + 0.923 + 0.052 HAsO, + 2H2,0 = + 0.5608 + 0.507 0.364 
Cd = Cd++ + 2e- 0.40294 + 0.778 0.093 HAsO, (aq) + 2H* + 2e 
(40.788) (0.0534) Ag + NOs = AgNO: + e + 0.564 + 0.606 0.265 
(aq) = Se + 2H*+ + 2e- 0.399 + 0.843 0.028 2H»SOx = SeOo= + e- + 0.57 +1.97 +1.10 
Pb + + 2e- 0.365 + 0.747 0.124 Pt + 4Br~ = PtBre= + + 0.5814 + 1.02 +0.15 
(— 0.095 CHy(g) + = CHOH ( (aq)+ +0.588¢ + 0.836 0.035 
amalgam, 2H* + 2e 
0.111 Pd + 4Br- = PdBri= + 2e- + 0.60¢ +111 + 0.235 
solid¢) 2Hg + SOw = HgesSO, + 2e- + 0.6151, + 0.045 0.826 
Pb + SO = PbSO, + 2e- 0.3588" 0.144 1.015 + 0.6119, (— 0.8024 
Cd (Hg) Cd++ + He + 2e- 0.3515°, (+0.62°) (—0.252¢, + 0.61515" 0.803™) 
P 0.3514°, 0.292°, + = + + 0.62 2.26 3.13 
= Paci 2 0.62 0.75 0.12 
b(H = PbSO, + 0.35054 (— 0.0434) (—0.9144) Pd + 4Cl- = + 2e +0. +0. 

CuBr = Cut+ + Br- + e& + 0.640 + 1.331 + 0.460 
In = In+++ + 3e- 0.343« + 1.27 + 0.40 Ag + CoHs02- + 0.643 + 0.074" 0.797 
Tl=Tlh+e 0.3363 0.456 1.327 + e- 

(— 1.3144) 2Ag + SO, AgeSO, + 2e + 0.654¢ 0.311 1.182 
(1/2)C2Nz + HyO = HCNO + 0.330 + 0.283 0.588 PtCh= + 2Cl- = PtCle= + 2e + 0.68 + 0.54 0 
H+ + e- (aq) = Ovo(g) + 2H* + 2e- + 0.6824« 0.162" 1.033 
Pt + HS (aq) =Pts + 0.327« + 0.606 0.265 3NH«* = HNs(aq) + 11H* + 8e- + 0.695« + 0.373 0.498 
2H* + 2e (OH) = + + 0.6994 (+ 0.1404) (0.7314) 
Pt + HeS(g) = PtS + 2H+ + 2e- 0.297 + 1.039 + 0.168 2H+ + 2e 
Pb + 2Br- = PbBrz + 2e- 0.284° + 0.530 0.341 OH H,O = + + 0.714 + 1.411" + 0.540 
Co = Co++ + 2e- 0.277 + 0.93 + 0.06 H: 4 
HsPOs (aq) + = 0.276 + 0.51 0.36 - = 2NO + 2H+ + 2e- + 0.7124 0.861 1.732 
HPO, (aq) + 2H*+ + 2e- 413 Pt + 4Cl- = PtCh= + 2e- + 0.73 + 0.64 0.23 
Pb + 2Cl- = PbCly + 2e- 0.268 + 0.396 CoHy(g) = CoHo(g) + 2H*+ + 2e- + 0.731 + 0.291 0.580 
a Se (gray) + 3H,O + 0.7404 + 0.351 0.520 
H:SeO;(aq) + 4H*+ + 4e- . 
solide) + 2HsO = NpOs* + +0.75 2.26 3.13 
+ 6F- - 17 0.693 + ¢ 
Ir + 6Cl- = IrCle--- + 3e- +0.77 + 0.84 0.03 
N:Hs+ = Ne + 5H+ + 4e- 0.23 + 0.03 0.84 Fe++ = Fe+++ + e- + 0.771 + 2.059 + 1.188 
+ = 2806 + 0.22 + 1.39 + 0.52 Ag = Agr +e + 0.7991 1.000 
4H+ + 2e 222, 
( ( 0.199 — 0.065 0.936 0.170) 
HCOOH aq) + COs(g) + N.O;(g) + = 2NO;- + + 0.8034 + 0.978 + 0.107 
I- = Cul + e&- 0.1852¢ + 0.671 0.200 4H+ + 2e 
Agi +e —0.15184 + 0.587 0.284 Os + 4H,O = Os0,(c, yel- + 0.85 + 0.438 0.433 
(+0.414") (—0.3284) low) + 8H* + 8e 
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Table IV (Continued) Table IV (Continued) 
(dv° (dV° (dV°, (dV°/ 
aT) wm» dT} isoth dT) tn, dT) isoth, 
Electrode Vv’.v mv/deg mv/deg Electrode V’.Vv mv/deg mv/deg 
HaNsO, + 2H,O = 2HNOy + + 0.86 + 0.36" 0.51 Zn + 4CN- = Zn(CN) «= + 2e- 1.26 + 1.19" + 0.32 
4H’ + 4e Zn + 2O0H- = Zn(OH)s + 2e- 1.245 0.131 1.002 
Cul = Cu I-+e + 0.86 + 1.086 + 0.215 Cd+S CdS + 2e- 1.175 0.00° 0.87 
Au + 4Br- = AuBry«~ + 3e +0.87(60°C) +0.39 0.48 HPO; + 30H- = PO,--- + 1.12 + 0.38" 0.49 
= + e + 0.93 + 1.58 + 0.71 2H.O + 2e 
HNO, + HO = NOs- + + 0.94 0.07 0.80 S.0« + 40H- = 2SO5= + 1.12 + 0.16 0.71 
3H* + 2e 2H,0 + 2e- 
NO + 2H.0 = NOr + + 0.96 0.899 0.028 Zn + COs ZnCO; + 2e- 1.06 0.293 1.164 
4H + 3¢ W + 8OH- = WOe + 1.05 0.49 1.36 
Purt+ = Pust +e 0.97 +2.27 1.40 4H.O + 6e- 
Pt + 2H,O = Pt(OH)s + 0.98 + 0.561 0.310 Mo + 8OH- = MoO + 1.05 0.49 1.36 
2H* + 2¢ H.O + 6e 
NO + H.O = HNO, + He + & 1.00 + 1.574" + 0.703 Ge + 5OH- = HGeO;- + 1.03 0.42 1.29 
Au + 4Cl AuCl- + 3e + 1.00 0.24 0.63 2H.0 + 4e- 
IrCle IrCh= +e + 1.017 0.24 1.11 In + 30H- =In(OH)s; + 3e- 1.00« 0.10 0.97 
TeOs + 4H = HeTeOs ic) + 1.02 1.00 +0.13 CN- + 20H- NO- 4 0.970 0.340 1.211 
2H* + 2e H.O + 2e- 
2NO + 2H.O = NA, + + 1.03 0.860 0.011 Fe+S FeS (a) + 2e- 0.95" 0.10" 0.97 
4H’ + 4e Pb + S= =PbS + 2e- 0.93" 0.03" 0.90 
Purt + 2HO = PuOy* + 1.04 0.69 1.56 SOs= + 20H- = SO + 0.93 0.518 1.389 
4H* + 2e HzO + 2e- 
2Br Bry il) + 2e + 1.0652 + 0.242 0.629 Se Se + 2e- 0.92 0.02 0.89 
2HNO, = NO, + 2H* + 2e- + 1.07 + 0.145" 0.726 2Tl + S= = TLS + 2e- 0.90" 0.07" 0.94 
2Br Br, (aq) + 2e + 1.087 0.393" 0.478 2Cu+S CusS + 2e 0.89" 0.17" 1.04 
Putt + 2H,O = Puy + + 1.15 2.95 3.82 PH; + 30H- = P (white) + 0.89 0.067 0.938 
+ e- + 3e- 

HSeO, + H,O = SeOe + 1.15 1.424 + 0.553 Fe + 2O0H- = Fe(OH): + 2e- 0.877 0.19 1.06 
4H* + 2e- Sn + S= = SnS + 2e- 0.87" 0.14" 1.01 
Npo, NpOs** + e 1.15 1.45 + 0.58 He + 20H 2H,0 + 2e- 0.82806" 0.037 0.8342 
4Cl- + C + 4H* = CCh + +1.18 0.226 0.645 Cd + 20H Cd(OH)» + 2e- 0.809 0.143 1.014 
4H + 4e Fe + COs FeCO; + 2e- 0.756 0.422 1.293 
ClOy- + HO = ClO, +1.19 0.46 0.41 Cd + COs CdCO; + 2e- 0.74 0.361 1.232 
2H 2e Co + 20H Co(OH). + 2e- 0.73 0.193 1.064 
(1/2) le + 3H,O0 = + 1.195 0.507 0.364 Ni + 20H- = Ni(OH)» + 2e- 0.72 0.17 1.04 
6H* + Se Hg + S= = HgS (black) + 2e- 0.69" 0.08" 0.79 
HClO, + HO = ClO, 1.21 0.62 0.25 2Ag + S= = AgsSia) + 2e- 0.66" 0.21" 1.08 
3H* + 2e Re + 8OH- = ReO,- + 0.584 0.59 1.46 

2H.O Oy + 4H’ + 4e 1.229 0.025 0.846 4H.0 + Te- 
28 + + 2e- + 1.23 0.23 0.64 + 6OH- = 2SO5> + 0.58 0.27 1.14; 
Mn++ + = + 1.23 0.210 0.661 3H,O + 4e- 
4H + 2e- Te + 6OH- = TeO;= + 0.57 0.36 1.23 
Ti: Ti+++ + 2e 1.25 1.76 0.89 3H,O + 4e- 
2NH, NcoHs* + 3H* + 2e 1.275 + 0.69 0.18 Fe(OH)2 + OH- = 0.56 0.09 0.96 
HClO, = + H* + e 1.275 0.57 1.44 Fe(OH); + 
PdChl* + 2Cl PdCle= + 2e- 1.288 0.42 0.45 Pb + COs= = PbCOs; + 2e- 0.506 0.423 1.294 
(g) + = 2HNOs (aq) + 1.29 0.544" 0.327 2Bi + 6OH- = + 0.464 0.343 1.214 
+ 4e- H.O + 6e 
2Cre*+ + THO = CriOr + 1.33 0.392 1.263 Ni + COs NiCO; + 2e- 0.45 0.400 1.271 
14H’ + 6e s S + 2e- 0.447" 0.06 0.93" 
NH, H,O = NH,OH* + 1.35 0.34 0.53 Hg + 4CN- = Hg(CN)«= + 2e- 0.37 1.65 0.78 
2H* + 2e Se + 6OH- = SeOs= + 0.366 0.447 1.318 
2cl Cl + 2e 1.3595 0.389 1.260 3H.O + 4 
(—1.26*) 2Cu + 20H- = CuO + 0.358 0.455 1.326 
N.Hy* + 2H»O = 2NHs,OH* 1.42 0.01 0.88 H.O + 2e- 
H+ + 2e Tl + OH- = TI(OH) (c) + e- 0.3445 0.003 0.868 
Au + 3H,O = Au(OH)s(c) + 1.45 0.665 0.206 Ag + 2CN AgiCN)s + e- 0.31 0.958 0.087 
3H* + 3e Cr(OH)s(hydr) + 50H- = 0.13 0.804 1.675 
(1/2)ly + HyO = HIO + + 1.45 1.29 0.42" CrOy= + + 3e- 
H+ +e Cu + 2NHs = Cu(NHs) e 0.12 0.09 0.78 
+ = PbO, + 1.455 0.633 0.238 Cu,O + 20H- + H,O = 0.080 + 0.15 0.72; 
H+ + 2e 2Cu (OH): + 2e- 
Mn++ = Mn++ + e 1.51 2.10 1.23" TIOH + 20H TI(OH)s + 2e- —0.05 0.069 0.940 
Mn++ + = + 1.51 0.21 0.66 Mn(OH)s + 20H- = MnO: + 0.05 0.458 1.329 
8H’ + + 2e 
(1/2) Breil) + 3H,O 1.52 0.453 0.418 Ag + CN- = AgCN + e- 0.017 0.992 0.121 
BrOs- + 6H* + Se NO:- + 2O0H- = NO;- + 0.01 0.388 1.259 
(1/2)Cle + H,O HCIO + 1.63 0.73 0.14 H,O + 2e 
Ht +e 2Rh + 60H Rh2Os + + 0.04 0.36 1.23 
+ HO = + 1.64 0.32 0.55 3H.,O + 6e- 
2H* + 2e SeO;= + 2OH- = SeOu + 0.05 0.316 1.187 
PbSO, + 2H,O = PbO» + + 1.685 1.197 0.326 H.O + 2e 
SO + + 2e ( + 0.3504 Pd + 20H- = + 2e- + 0.07 0.193 1.064 
+ 0.389” 28:03 S.Oe= + 2e + 0.08 0.24 1.11 
+ 0.349") Hg + 20H- = HgOir) + + 0.098 0.249 1.120 
MnO, + 2H,O = MnO + + 1.695 0.205 0.666 H.O + 2e- 
4H + 3e 2NH,OH + 2OH- = NeH, + +0.11¢ 0.22 1.09 
2H.O = HyO, + + 2e + 1.776" 0.213" 0.658 + 2e- 
NH« + Ns = HN; + 3H> + 2e 1.96 0.73 0.14 Mn(OH): + OH- = 0.15¢ 0.032 0.903 
280, 2.01 0.39 1.26 Mn (OH); + e 
Oz + HO = Os + 2H* + 2e 2.07 0.388 0.483 Pt + 20H- = PtiOH)s + 2e 0.15 0.273 1.144 
2F- + H,O F.O + 2H’ + 4e + 2.15 0.313 1.184 Co(OH)s + OH- = 0.17 0.07 0.80 
Am** + e 18 2.40 1.53 Co(OH)s e- 
Fes + 4HyO = FeO, 2.204 0.024 0.85 PbO ir) + 20H PbO: + + 0.248 0.323 1.194 
2.422 0.277 1.148 
H,O Oig) + 2H* + 2e d 
N. + 2H.O = + + 2.65¢ 0.78 0.09 1 +333 van 
2H* + 2e H.O 2e 
H.O = OH + Hr +e + 0.984 1.855 
oF F.ig) + 2e 2 87 0.959 1830 + s08- + 0.345 0.466 1.337 
(aq) (g) 4 + + 2e + 3.06 0.27 0.60 ~ 
Solution) ClO;- + 20H + 0.36 0.37 1.24 
Ca + 20H- = Ca(OH), + 2e 3.02 0.094 0.965 H.O + 2e 
Ba + 20H 8H,O 2.99 1.25" 0.38 Ag + 2NHs = Ag(NHs)2* + e- 0.373 0.411 0.460 
Ba (OH). 8H.O + 40H Oz + 2H,O + 4e- 0.401 0.809 1.680 
Hig) + OH HO +e 2.9345¢ 0.548 0.323 2Ag COs Ag:COs + 2e- 0.47 0.506 1.377 
La + 30H La(OH)s + 3e 2.90 0.08 0.95 Ag.,O + 20H 2AgO + + 0.6070 0.246«« 1.117 
Sr + 20H Sr(OH}s + 2e 2.88° 0.09 0.96 H.O + 2e 
Ba 20H Ba(OH)» + 2e 2.81° 0.06 0.93 MnO: (pyrolusite) + 40H- 0.588 0.907 1.778 
Mg + 20H Mg (OH): + 2e 2.69 0.074 0.945 + + 3e 
h + 40H- = ThiOH), + 4e- 2.48 0.12 0.99 Br- + 6OH- = BrO;- + 0.61 0.416 1.287 
U + 40H UO, +2H,O + 4e- 2.39 0.349 1.220 3H.O + 6e 
Zr + 40H- = HiZrOs + 2.36 0.24 1.11 ClO- + 20H- = ClOx + 0.66 0.583 1.454 
H.O + 4¢ H.O + 2e 
Al + 30H Al(OH); + 3e 0.06 0.93 
B + 40H- = + 1.79 0.276 1.147 = + + 0.724 0.75¢ 1.62 
H,O + 3e + 
20H Mn (OH). + 2e 1.55 0.208 1.079 + 20H 2NH,OH + 2e- +0.73 0.94 1.81 
Mn + COs MnCOs ic) + 2e 1.50 0.361 1.232 Cl- + 20H ClO- + 0.89 0.208 1.079 
Mn + COs MnCOs(ppt) + 2e- 1.48 0.433 1.304 HO + 2e 
Cr + 30H- = Cr(OH);(c) + 3e- 1.48 0.11 0.98 ClOy- = ClOz(g) + e- 1.16 1.35 2.22 
Zn+8 ZnS (wurtzite) + 2e- 1.405" 0.02" 0.85 O. + 20H Os (g) + 1.24 0.447 1.318 
Cr + 30H Cr (OH) sthy- 1.34¢ 0.12 0.99 H,O + 2e- 
drous) + 3e OH OH (g) + e- 2.02¢ 1.818 2.689 


‘ 
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* Based on Latimer’s (6) free enthalpies of formation. 

> Based on Latimer’s estimate for H- (Ref. (6), p. 36). 

¢ Harned and Owen (49), p. 741. Thermal values computed from 
observed isothermal data. 

4MacInnes (7), p. 201. Thermal values computed from observed 
isothermal data. 

¢ From isothermal cell temperature coefficients of Gerke (55) and 
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iodide, and lead iodide electrodes as computed here from Latimer’s 
entropies (6). 

e¢ Based on an estimated value of —27 cal/deg for S* (Ni*+). Ob- 
served thermal values reported by Carr and Bonilla (31) in NiSO, 
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—0.88 (0.01M); —0.44 to —0.79 (0.001M); —0.31 to —0.62 (0.0001M). 

By definition. 

# From Fales and Mudge’s (14) observations as recalculated in the 
present paper. Experimental comparisons discussed in text. 

* Calculated from the vapor pressure of water. 

‘ Harned and Owen (49), pp. 495-496. 

) Bates and Bower (45). 

* Tragert and Robertson (53). 

'From the temperature coefficient of the isothermal cell: 
Cu/CuSO,, HgsSO, (c)Hg, —0.81 mv/deg, Tragert and Robertson 
(53), and the isothermal temperature coefficient of the mercurous 
sulfate electrode as computed here from Latimer’s entropies (6). 

™ Harned and Owen (49), p. 577. 

" Based on entropies obtained from Latimer’s (6) enthalpies and 
free enthalpies of formation. 

» Harned and Owen (49), pp. 570-572; Harned and Hamer (58). 

«Based on AH® = —115 kcal, AG’ = —77 kcal, S* = 9 cal/deg 
for FeO.w, Wood (56). 

* Based on AH*® = 7.8 kcal, AG* = 20.6 kcal, S° = —4 cal/deg 
for S=, Kury, Zielen and Latimer (57). 

* Bonnemay (32). 

‘ Agar and Breck (33), standard values averaged from their ob- 
servations with Cd and Tl amalgam electrodes. 

“Lange (10). 

* Gockel (11), standard value computed from his observations. 

« Experimental comparisons discussed in text of paper. 

* Tyrell and Hollis (28). 

» Goodrich, Goyan, Morse, Preston, Young (29), standard values 
computed from observations in KBr and NaBr. 

* Burian (21), standard value averaged from observations in 


AgNOs. 
= 0.2623 v, dE°*/dT = +0.220 mv/deg for Ag, AgvO/NaOH, 
Ag.O, AgO/Pt, Bonk and Garrett, This Journal, 106, p. 612 (1959). 


Amino Acids and Peptides,’ Reinhold Publishing 
Co., New York (1943). 

9. E. Bouty, J. Physique, 8, 289, 341 (1879); 9, 306 
(1880) ; 10, 241 (1881). 

10. E. Lange, Handbuch Experimental Physik, 12, 327- 
352 (1932). 

11. A. Gockel, Wied. Ann., 24, 618 (1885); 40, 453 
(1890) ; 50, 696 (1893). 

12. G. Meyer, ibid., 33, 281 (1888). 

13. Th. W. Richards, Z. physik. Chem., 24, 39 (1897). 

14. H. A. Fales and W. A. Mudge, J. Am. Chem. Soc., 
42, 2434 (1920). 

15. W. W. Ewing, ibid., 47, 301 (1925). 

16. I. M. Kolthoff, Chem. Weekblad, 22, 332 (1925). 

17. S. P. L. Sorensen and K. Linderstrom-Lang, Compt. 
rend. trav. lab. Carlsberg, 15, No. 6, 1-40 (1925). 

18. E. D. Eastman, J. Am. Chem. Soc., 48, 1482 (1926); 
50, 283, 292 (1928). 

19. I. M. Kolthoff and F. Tekelenburg, Rec. trav. chim., 
46, 18 (1927). 

20. N. Bjerrum and A. Unmack, Kgl. Danske Viden- 
skab. Selskab, Math.-fys. Medd., 9, No. 1 (1929). 

21. R. Burian, Z. Elektrochem., 37, 238 (1931). 

22. E. Lange and Th. Hesse, ibid., 39, 374 (1933). 

23. B. Wingfield and S. F. Acree, J. Research Nat. Bur. 
Standards, 19, 163 (1937). 

24. Scott Ewing, “The Copper Sulfate Half-Cell for 
Measuring Potentials in the Earth,” Paper pre- 
sented to the Distribution Conference, American 
Gas Association, 420 Lexington Ave., New York, 
Chicago, April 17-19, 1939. 

25. H. Cary and W. P. Baxter, Private communication 
from Dr. A. O. Beckman to M. Dole, quoted in 
“Glass Electrode,” p. 166, John Wiley & Sons, 
Inc., New York (1941). 

26. H. A. Bernhardt and H. D. Crockford, J. Phys. 
Chem., 46, 473 (1942). 

27. P. T. Gilbert, Discussion Faraday Soc., 1, 323 (1947). 

28. H. J. V. Tyrell and G. L. Hollis, Trans. Faraday 
Soc., 45, 411 (1949) ; 48, 893 (1952); H. J. V. Tyrell, 
Chap. 13 in “Electrochemical Constants,” National 
Bureau of Standards Circular 524 (1953); H. J. V. 
Tyrell and R. Colledge, Trans. Faraday Soc., 50, 
1056 (1954). 

29. J. C. Goodrich, F. M. Goyan, E. E. Morse, R. G. 
Preston, and M. B. Young, J. Am. Chem. Soc., 
72, 4411 (1950). 


COEFFICIENTS OF ELECTRODE POTENTIALS 625 


30. a and C. F. Bonilla, This Journal, 98, 388 

31. D. S. Carr and C. F. Bonilla, ibid., 99, 475 (1952). 

32. M. Bonnemay, Proc. C.I.T.C.E., 6, 68 (1955), Compt. 
rend., 226, 1014, 1522 (1948); 232, 409 (1951); J. 
chim. physique, 48, 152 (1951). 

32a. J. E. B. Randles and K. S. Whiteley, Trans. Faraday 
Soc., 52, 1509 (1956). 

33. J. N. Agar and W. G. Breck, ibid., 53, 167, 179 
(1957). M. H. Temkin and A. B. Khoroshin, Z. 
Fiz. Khim., 26, 500 (1952). 

34. G. N. Scott, Corrosion, 14, 136t (1958). 

35. A. J. deBethune, T. S. Licht, and N. Swendeman, 
Chemistry and Industry (London), 1364 (1958). 

36. A. J. deBethune, T. S. Licht, and N. Swendeman, 
Unpublished observations. 

37. R. J. E. Clausius, “Merchanische Warmetheorie,” 
Chap. 10, Vieweg und Sohn, Braunschweig 
(1876). 

38. A. J. deBethune, Ind. Eng. Chem., 50, 129 (1958). 

39. S. R. deGroot, “Thermodynamics of Irreversible 
Processes,” North Holland Publishing Co., Am- 
sterdam (1951). 

40. L. Onsager, Phys. Rev., 37, 405 (1931); 38, 2265 
(1931). 

41. B. E. Conway and J. O’M. Bockris, “Ionic Solva- 
tion,” Chap. 2 in J. O’M. Bockris’ “Modern As- 
pects of Electrochemistry,” Academic Press, New 
York (1954). 

42. E. D. Eastman, J. Am. Chem. Soc., 50, 295 (1928). 

43. American Institute of Physics Handbook, McGraw 
Hill Book Co., New York (1957). Values inter- 
polated graphically from Table 4a-5. 

44. P. Debye and E. Hiickel, Physik. Z., 24, 185, 305 
(1923). 

45. R. G. Bates and V. E. Bower, J. Research Nat. Bur. 
Standards, 53, 283 (1954) ; 59, 261 (1957). 

46. D. A. MacInnes, D. Belcher, T. Shedlovsky, J. Am. 
Chem. Soc., 60, 1094 (1938). 

47. W. P. Baxter, Private communication from Dr. A. O. 
Beckman to M. Dole, quoted in “The Glass Elec- 
trode,” p. 156, John Wiley & Sons, Inc., New 
York (1941). 

48. E. Vellinger, Arch. phys. biol., 5, 119 (1926). 

49. H. S. Harned and B. B. Owen, “Physical Chemistry 
of Electrolytic Solutions,” 3d ed., Reinhold Pub- 
lishing Co., New York (1958). 

50. G. N. Lewis and M. Randall, J. Am. Chem. Soc., 36, 
1976 (1914). 

51. G. N. Lewis and W. N. Lacey, ibid., 36, 804 (1914). 

52. F. H. Getman, Trans. Electrochem. Soc., 26, 67 
(1914); J. Phys. Chem., 34, 1454 (1930); F. Wet- 
more and A. Gordon, J. Chem. Phys., 5, 60 (1937); 
R. Neilson and D. Brown, J. Am. Chem. Soc., 49, 
2423 (1927). 

53. W. E. Tragert and W. D. Robertson, This Journal, 
102, 86 (1955). 

54. R. E. Hall, “Use of Half Cell Reference Electrodes 
in Corrosion Measurements,’ Union Oil Co. of 
California, Research Div., Brea, California. 

55. R. H. Gerke, J. Am. Chem. Soc., 44, 1684 (1922). 

56. R. H. Wood, ibid., 80, 2038 (1958). 

57. J. W. Kury, A. J. Zielen, and W. M. Latimer, This 
Journal, 100, 470 (1953). 

58. H. S. Harned and W. J. Hamer, J. Am. Chem. Soc., 
57, 9, 27, 33 (1935). 

59. H. S. Harned and R. W. Ehlers, ibid., 55, 2179 (1933). 

60. G. Scatchard and R. C. Breckenridge, J. Phys. 
Chem., 58, 602 (1954); G. Scatchard, Science, 95, 
30 (1942); Rev. Sci. Instruments, 26, 395 (1955). 

61. S. P. L. Sorensen, Compt. rend. trav. lab. Carlsberg, 
8, 1 (1909); W. Mansfield Clark, “The Determi- 
nation of Hydrogen Ions,” p. 455, 3d ed., Williams 
and Wilkins, Baltimore (1928); R. G. Bates, 
“Electrometric pH Determinations,” John Wiley 
& Sons, Inc., New York 1954). 

62. Jaques Loeb, “Proteins and the Theory of Colloidal 
Behavior,’ McGraw Hill Book Co., New York 
(1922): M. Stern, H. Shwachman, T. S. Licht, and 
A. J. deBethune, Anal. Chem., 30, 1506 (1958). 


= 
te 
ae 
a 
4 
iy 
x 
| ~ 
| ee 
| 
ial 
| 
| 


Transport Numbers in Pure Fused Salts 


The Alkali Metal Chlorides 


Frederick R. Duke and Allen L. Bowman’ 


Institute for Atomic Research and Department of Chemistry, Iowa State College, Ames, Iowa 


ABSTRACT 


The transport number of the chloride ion has been determined in fused 
alkali chloride salts by a radiochlorine tracer technique, using a membrane 
cell. Values obtained (Table I) are compared with theoretical predictions of 
Mulcahy and Heymann, and of Sundheim. 


The transport numbers of the fused alkali metal 
chlorides have been estimated from comparisons of 
electrical conductivity data (1,2) and from purely 
theoretical considerations (3,4). Mulcahy and Hey- 
mann (1) compared the equivalent conductivities at 
a corresponding temperature defined as three-fourths 
of the boiling point. They found that the data could 
be approximated by the equation A = K(1/r, + 1/re). 
Bloom and Heymann (2) concluded that the elec- 
trical conductance of the alkali halides is due pri- 
marily to the small cation. This was based on the 
fact that the equivalent conductivity changes strongly 
with change of cation but very little with change 
of anion. Frenkel (3) suggested that only one of the 
ions in a molten salt should be responsible for elec- 
trical conductance, and that this would in general 
be the cation because of its smaller radius. Sundheim 
(4) proposed that the transport numbers in a pure 
fused salt should be expressed by the equation 
t, = M./(M, + M.) where the M’s are the masses of 
the anion and cation. Sundheim derived this equation 
by requiring a balance of momentum in a simpli- 
fied model, assuming no momentum transfer to the 
apparatus. 

If the transport number of an ionic species in a 
fused salt is defined as the fraction of the current 
carried by those ions which are moving relative to 
the bulk of the liquid (5), then this number can be 
determined by holding a quantity of salt in a thick 
membrane of very fine porosity where its motion is 
restricted, and measuring the movement of the ions 
through this membrane under the influence of an 
electrical potential. The transport numbers of several 
pure fused salts have been determined by measuring 
the volume changes in the electrode compartments 
resulting from the movement of the ions through 
the membrane (5-7). The movement of one of the 
ions can also be measured by the use of a radioisotope 
(8). This method is particularly convenient for the 
measurement of the transport number of the chloride 
ion in any fused chloride. 


Experimental 
Reagent grade salts were used; they were kept in 
a drying oven at 150°C and cooled in a desiccator 
before weighing, except for lithium chloride which 


! Present address: Los Alamos Scientific Laboratory, University of 
California, Los Alamos, N 
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was fused and held in this condition in a dry atmos- 
phere for several hours. The chloride isotope, Cl”, 
was obtained from Oak Ridge National Laboratory 
as an aqueous solution of hydrochloric acid. The al- 
kali metal salts containing Cl” were prepared by dis- 
solving the salt in water, adding HCl”, and evaporat- 
ing the solution to dryness. Reagent grade silver 
wire and granulated lead were used for electrodes. 

A 16-in. Marshall Tube Furnace was used with a 
Brown Indicating Controller to provide the high- 
temperature region. A d-c power supply capable of 
delivering up to 350 ma at 35 v was used for elec- 
trolysis. The quantity of charge was determined by 
measuring the fairly constant current with a milli- 
ammeter and the time of electrolysis with a Precision 
“Time-It”’. 

The cells were made from 10 mm ID quartz, in the 
form of a square U-tube, 2.5 in. wide and 1.5 in. high, 
with a small bubble on the bottom of each vertical 
tube to hold the liquid metal electrodes. A membrane 
of fused quartz, 1.5 mm thick, porosity No. 4, Engel- 
hard Industries, Amersil Quartz Division, was sealed 
into the center of the horizontal section. The porosity 
of the membrane was reduced by depositing silica 
within it. This was done by alternately running ethyl 
silicate and hydrochloric acid through the membrane 
and dehydrating the resulting silica gel by baking 
at 800°C. This treatment was repeated until more 
than 2 hr was required for 1 ml of water to flow 
through the membrane under suction. The cathode 
was a pool of molten lead, with electrical contact 
through a nichrome wire sealed into a glass tube. 
The anode was either lead or a silver wire. The same 
results were obtained with both anodes. 

To carry out a run, the cell was filled with solid 
salt, radiotracer salt was added to the catholyte, the 
electrodes were inserted, the ends of the cell were 
capped, and the cell was placed in the furnace at the 
temperature of the run. As soon as thermal equilib- 
rium was attained and the cell was conducting, a 
metered d-c current was passed for a measured time 
(usually 300 ma for 400 sec). The cell was then 
withdrawn, frozen, and split at the membrane to 
separate anolyte and catholyte. The two halves of the 
cell were dissolved in aqueous ammonia. The Cl” 
was precipitated from the ammoniacal solutions with 
excess silver nitrate and counted as silver chloride. 
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In order to obtain a smooth, fine-textured precipi- 
tate, it was necessary to keep the solution ammoni- 
acal during the precipitation. All samples were cor- 
rected to a common weight by the use of a self-ab- 
sorption curve. The weight of anolyte salt was ob- 
tained by weighing the anode portion of the cell be- 
fore and after the salt was dissolved. 

To obtain a relaticn between experimental quan- 
tities and the transport numbers, consider a cell 
whose anolyte and catholyte are separated by an 
ideal membrane which permits passage of current- 
carrying ions only. The number, m, of current-carry- 
ing chloride ions which pass through the membrane 
is equal to (tZ/e) where t is the transport number of 
the chloride ion, Z is the quantity of charge passed 
during electrolysis, and e is the electronic charge. 
Let the catholyte initially contain (N*)’ radioactive 
chloride ions and a total number N’ of chloride ions. 
After m chloride ions have passed through the mem- 
brane during electrolysis, (N*),, radioactive chlo- 
ride ions are found in the anolyte. Then m =[(N*),,/ 
(N*)°]N’ = [(N*)./(N*)]N, where N* and N are 
the numbers of radiochloride and total chloride ions, 
respectively, in the catholyte at the end of the run. 
The second relation follows, since the initial and final 
ratio of Cl”/Cl in the catholyte must remain the 
same, if no isotopic fractionation occurs. If the radio- 
activity found in anolyte and catholyte at the end of 
the run, C, andC,, are expressed in (counts per min- 
ute) per milligram, then (N*),, = C,W,, and (N*) 
= C,W,-, where W, and W, are the total weights of 
anolyte and catholyte, respectively, in milligrams. 
This assumes that the samples used for counting are 
identical in size and composition. But N = (W,/M) 
N,, where M is the milliequivalent weight of the salt 
and N, is Avogadro’s number. Then m can be ex- 
pressed by m = (C,/C.) (W,/M)N,, and the trans- 
port number t of chloride ion by 


where F is the faraday. 

The assumed condition that only current-carrying 
ions pass through the membrane can be realized in 
effect by carrying a parallel blank run with no 
passage of charge, and subtracting the (C,) wis. from 
the observed values of C,. It was found experi- 
mentally that the blank correction was essentially 
zero if the membrane was sufficiently fine. 


TRANSPORT NUMBERS IN PURE FUSED SALTS 627 
Table |. Transport numbers of chloride ion in fused alkali metal 
chlorides 
Salt Temp, °C Observed values Calculated iebies 
(This investigation) 

LiCl 600 0.25+0.03 0.25* 0.16+ 
NaCl 860 0.38+0.04 0.34 0.41 
KCl 830 0.38+0.04 0.42 0.52 
RbCl 785 0.42+0.04 0.45 0.71 


CsCl 685 0.36+0.04 0.48 0.79 


*t =re/(ra + re) Muleahy and Heymann (1). 
+t = Me/(M,4 + Me) Sundheim (4). 


Results and Discussion 

The values of t obtained in the alkali metal chlo- 
rides by following the migration of Cl” are given 
in Table I and are compared with values calculated 
from the estimates of other workers. 

It is apparent that the transport numbers do not 
agree with Sundheim’s equation (4) nor with the 
predictions of Bloom and Heymann (2) and Frenkel 
(3). With the exception of cesium chloride, the ex- 
perimental values do agree, within experimental 
error, with the radius dependence of Mulcahy and 
Heymann (1). However, the latter authors require 
that the mobility of the chloride ion should be con- 
stant at corresponding temperatures. Using the con- 
ductivity data of Yaffe and Van Artsdalen (9), the 
mobility of the chloride ion in these salts at 5% 
above their melting points varies from 2.9 x 10" 
(cm*/sec)/v for cesium chloride to 5.6 x 10° for so- 
dium chloride. Thus it would appear that the trans- 
port numbers of these salts cannot be expressed as 
any simple function of the mass or radius of the ions. 


Manuscript received Nov. 3, 1958. 


Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1960 JourNAL. 
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Glow Discharge Spectra of Copper and Indium 
above Aqueous Solutions 


Dwight E. Couch and Abner Brenner 


Chemistry Division, National Bureau of Standards, Washington, D. C. 


An unusual glow discharge was produced between high-voltage d-c power supply was attached to a 


a tungsten electrode and an aqueous solution of cu- tungsten rod which passed through the center neck 
pric or indium salts. This glow was somewhat lam- of the flask and terminated about 1 in. above the so- 
bent and almost filled the containing flask. It was not lution level. The other electrode which passed 


produced with solutions of the other metallic salts through the remaining neck of the flask was shielded 
which we tried (BaClO,, CuCN-3KCN, H.SO,, LiCl, along its length by a glass tube except at the end 
Lil, LiclO,, NaCl, SrCl, U (VI) Acetate). However, where the electrode dipped into the solution. A cur- 
occasional flashes of color were produced with solu- rent of 0.05-0.2 amp, which required about 500 v, 
tions of lithium and sodium chloride. Many studies produced a continuous glow discharge. After a period 
of the chemical effects of the glow discharge between of about 15 min of discharge a soft green or blue 
an electrode and a solution have been made (1-3), glow developed around the central discharge, de- 
but the phenomenon which we observed has not pending on the salt used, and grew until it almost 
been reported. The glows were characteristic of the completely filled the containing flask. The glow was 


spectra of copper and indium. Production of spectra more easily produced with copper salts than with 
in this manner is unique since spectra are usually ob- indium salts. The spectra of the glow were photo- 
tained by vaporizing the metal or compound at high graphed and examined.’ The atomic lines were ex- 
temperatures. cited at about the same intensities as those produced 

In these experiments, saturated solutions of cupric by flame spectra. Spectral lines of OH were also 
perchlorate, chloride, or sulfate or indium (III) chlo- present. 


These experiments were repeated using a fused 


ride were placed in a round, three-necked flask, one- salt bath of lithium chicride, potassium chloride, end 


or two-liters in volume, and the flask evacuated 


By 
through a side neck to 5 or 10 cm Hg. One lead of a ae OS eee eee 2 eee 


Table |. Wave lengths and relative intensities of various lines observed in the glow discharge produced between a solid tungsten anode and 
an aqueous solution cathode of either cupric sulfate or indium trichloride 


Emitting Relative Emitting Relative Emitting Relative 

species intensity * \ species intensity* species intensity* X 
In 4 2710.27 InCl 1 2672.17 Cu 2 2961.17 
In + 2713.94 InCl 1 2694.7 Cu 1 3010.84 
In 4 2753.88 InCl 1 2717.5 Cu 5 3247.54 
In 3 2775.36 InCl 1 2740.6 Cu 5 3273.96 
In 4 2836.92 InCl 2to3 3419.3 Cu 1 3337.84 
In 4 2858.74 InCl 2to3 3456.3 Cu 2 4022.66 
In 4 2932.62 InCl 2to3 3458.5 Cu 3 4062.70 
In 3 2957.01 InCl 2to3 3499.0 Cu 3 5105.54 
In 5 3039.36 InCl 2to3 3513.0 CuH 3 4279.6 
In 5 3051.25 InCl 2to3 3514.6 OH 4 3063.6 
Cu 3 3247.3 InCl 2to3 3554.0 
In 5 3256.09 InCl 2to3 3556.2 
In 5 3258.57 InCl 2to3 3596.5 
Cu 3 3273.96 
In l 3280.69 InCl 2to3 3599.2 
In 1 4072.40 probably InO lto3 4102 to 4511 
In 54 4101.77 
In 5+ 4511.32 


* 1 indicates a very faint line and 5 a very strong line. 
t Wave lengths listed for molecular emitters are band heads. 
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cupric chloride, but no similar copper spectra could 
be produced. Therefore, it was concluded that there 
was something unique about the aqueous cupric salt 
solution that caused this green glow around the cen- 
tral discharge. Table I shows the wave lengths of the 
lines observed. 

The first attempt to explain the glow discharge 
was on the basis of spray or particles being thrown 
between the electrodes. If this is the explanation, the 
glow should have been produced with aqueous solu- 
tions of other metal salts. To test this hypothesis 
specifically an apparatus was constructed which con- 
sisted of a rotating device which threw a sheet of 
electrolyte into the space between the two electrodes. 
This procedure did not lead to results as good as 
were obtained in the simple equipment consisting of 
a three-necked flask with electrodes. Further experi- 
ments showed that the glow was not caused by salts 
coating the electrodes, as coated electrodes did not 
yield a spectrum until they became hot enough to 
volatilize the deposited salt. 

Our explanation of the phenomenon is that a vola- 
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tile copper or indium compound is formed in the so- 
lution. This evaporates into the evacuated space and 
is responsible for the spectra. This explanation is in 
accordance with the observations that the glow is 
less pronounced with chilled solutions and becomes 
stronger as the solutions become warmer; also it fits 
with the observation that the glow is not always 
given immediately with a fresh solution, but may re- 
quire a brief period of electrical discharge. A some- 
what stronger glow was obtained when the solution 
was cathodic, but, since the glow could be produced 
also when the solution was anodic, this indicates that 
the phenomenon was not likely caused by the migra- 
tion of charged cations into the gaseous space. 


Manuscript received Jan. 22, 1959. 
_ Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1960 JouRNAL. 


REFERENCES 


1. A. R. Denaro and A. Hickling, This Journal, 105, 265 
(1958). 

2. L. Ligabue, Atti soc. nat. Modena, 68, 96 (1937). 

3. A. Klemenc, Chimia (Switz.) , 6,177 (1952). 


Determination of Activities in Multicomponent Metallic Solutions 


Rudolph Speiser and George St. Pierre 


Department of Metallurgy, The Ohio State University, Columbus, Ohio 


It is generally difficult to determine phase equi- 
libria at high temperatures. Attempts at retaining 
the high-temperature situation by rapid quenching 
to low temperatures at which examination is easier 
are not entirely satisfactory. Diffraction studies are 
performed at high temperatures with considerable 
success; however, no knowledge of the activities of 
the components is obtained from such investigations. 
The present method allows for the simultaneous 
determination of activities and phase equilibria at 
high temperatures. 


Thermodynamic Treatment 

The vapor pressure and vapor composition over a 
condensed phase can be used to determine phase 
equilibria and activities. A direct measurement 
(static) of the vapor pressure can be made only 
when the vapor pressure is at least 10° mm Hg. At 
lower pressures dynamic methods must be employed. 
It will be shown that it is not necessary to determine 
the vapor pressure at all. 

The general form of the Gibbs-Duhem (1) equa- 
tion may be written in the following form: 


S‘ dT —V‘ dP; +3 dy, =0 [1] 


where N‘, is the mole fraction of component i in any 
condensed phase, q, and ,»; is the chemical potential 
of component i in the system. For each phase, q, 
there is an equation of form [1]. The first term in 
Eq. [1], S‘dT, disappears under isothermal condi- 
tions and is not considered further in this paper. The 
second term, V‘ dP,;, is negligible because the abso- 
lute variation of P,; with the composition of the con- 


densed phase is very small. Therefore, Eq. [1] is re- 
duced to 


+ N,‘dina, = 0 [2] 


(constant T and P,) 


The activity of each component in the condensed 
phase is related to the vapor phase by the following 
equations: 


a, = —_— = — [3] 


where f,” and P,” designate the fugacity and partial 
pressure of component i for a standard state of the 
condensed system. If the vapor is assumed to obey 
ideal gas laws, then 


P, = —— = —— = [4] 
where N," is the mole fraction of component i in 
the vapor phase. The partial pressure of any com- 
ponent may be expressed in terms of the partial 
pressure of any other component by the relation 

= —— P, [5] 
and the activity of each component may be related to 
the vapor composition and the relative vapor pres- 


sure of one component. 


a, = —— -—— [6] 
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Combination of Eq. [2] and [6] results in the follow- 
ing modification of the Gibbs-Duhem equation 


N,’ 
Nv din——P,=0 [7] 


‘ ivy 


Solving for P, in Eq. [7] 


N,’ 
d In P, In [8] 


which reduces even further to 


dinP, =dinN,' =N,‘d In [9] 
The integration of Eq. [9] from N,"’ to N,"® yields 
the ratio of the activities in the corresponding con- 


densed mixtures. 


a N,°@ 
In - In ——— — NiidinN, [10] 
a,” nv,“ 
The path of integration in Eq. [10] is of no signifi- 
cance because only exact differentials are involved. 
If the starting condensed mixture is the standard 
state (a, 1), then Eq. [10] gives the a, at any 
composition in the system. The integrations involved 
may be obtained graphically from a plot of N,‘ vs. In 
N,* or the integral may be modified as follows, 


fea In [11] 


Equation [11] has the obvious advantage that both 


4 


-and do not become infinite. 


Equation [10] allows for the determination of ac- 
tivities from a study of vapor composition corre- 
sponding to condensed phase composition without 
any need for the measurement of vapor pressures. 
There is an equation of form [10] for every com- 
ponent in the system. Before pursuing this aspect 
any further, attention will be directed at phase equi- 
libria within the condensed system. 


Phase Equilibria 

Equation [10] indicates that it is necessary to fol- 
low the variation in vapor composition caused by 
variation in the composition of the particular con- 
densed phase, q. If this were so, the method would 
lose much of its value because it would require sam- 
pling and examination of multiphase condensed sys- 
tems. As previously noted the Gibbs-Duhem equa- 
tion may be applied to each equilibrium phase in 
the system. Therefore, from Eq. [9] it follows that 


In N,” = 3N,*d in N,’ In N,' =, 
‘ [12] 
where a, 8, y designate particular equilibrium con- 
densed phases. From the above equalities, the fol- 
lowing set of equations may be written: 


— InN, = 0 [13a] 


= 0 [13b] 
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= 0 [13¢] 


‘ 


(p-1) equations 


If p designates the number of phases, then there are 
(p-1) equations of the above type. From material 
conservation 


Ni [14] 


where N," is the mole fraction of i in the system 
taken as a whole and n,, n,, are the fractions of the 
total moles of the system included in each stable 
phase. Equation [14] may be modified to 
N,’ =n,(N,*—N,’) + (n, + +..4+N" 
[15] 
and 
= n, (N° — N,’) + + ns) — NY’) 
+..+(1—m,) (N° —N,") [16] 
If each equation in set [13] is now multiplied by the 
appropriate factor, [13a] by n., [13b] by (n, + n,), 
etc., and their sum is taken, it follows that 


X(N." —N,")dinN,* = 0 [17] 


and 


3N,’dIn = InN, = =... [18] 


The necessity of designating a particular condensed 


phase in Eq. [10] is, therefore, removed and the 
general solution becomes 


2 ‘2 N,;‘ 
——dN, [19] 


N,* designates the mole fraction of i in either a par- 
ticular phase or in the condensed system taken as a 


Fig. 1. Schematic representation of vapor composition 
variation in a binary system. 
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Fig. 2. Schematic representation of vapor composition 
variation in a ternary system. 
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whole. The question now arises as to the possibility 
of detecting phase boundaries from the experi- 
mentally determined plots of N,‘/N," vs. The 
answer can best be obtained by examination of spe- 
cial systems. 


Binary and Ternary Systems 

For a two-component system with immiscibility a 
plot of N,"/N," vs. N," would appear as schematically 
represented in Fig. 1. Within the two-phase region 
the activities and, therefore, the vapor composition 
must be invariant and the slope of the curve must 
become infinite. The composition limits of the region 
of immiscibility are defined clearly. Thus binary 
phase diagrams may be determined by isothermal 
cuts of the variation of vapor composition with total 
composition. 

For a three-component system the situation is 
similar; however, the vapor composition does not 
become invariant in a two-phase field except when 
the total composition varies along a tie line. In a 
three-phase field the vapor composition is independ- 
ent of total composition without exception. A tra- 
verse of a ternary system could appear as schemat- 
ically illustrated in Fig. 2. In moving from a one- 
phase field to a two-phase field a change in slope 
must occur. If, by coincidence, the total composition 
varies along a tie line in the two-phase field, then 
the slope of the curve in the two-phase region will 
be infinite. This coincidence could be readily de- 
tected; however, because the total composition at 
either end of the two-phase field would then corre- 
spond to a boundary between a one-phase and a 


Formation of Hydride Films on Ti, Zr, Hf, Th Dissolving 
in Hydrofluoric Acid 
W. J. James and M. E. Straumanis 


Departments of Chemical and Metallurgical Engineering, School of Mines and Metallurgy, 


The University of Missouri, Rolla, Missouri 


During studies on the dissolution of nuclear metals 
in dilute hydrofluoric acid in our laboratories, the 
formation of gray to black films on the surface of 
the dissolving metals has been noted (1). The pres- 
ence of a black film on the surface of Zr dissolving 
in HF has also been reported by Baumrucker (2) 
and by Johnson and Hill (3); and on Ti by Ogawa 
(4) and Ridiger, et al. (5). Suggestions as to the na- 
ture of these films have been made (4) but not cor- 
roborated by experimental data. 

Small pieces of low Hf content Zr and Ti metal, in 
separate beakers, were immersed in approximately 
0.1N HF for about 1 hr. The films were removed 
with the aid of a rubber squeejee and the black smut 
washed onto a watch glass. In the case of Zr, im- 
mersion of the sample in saturated NH,F for a short 
time facilitated the removal of the film. The films 
were dried and crushed to a powder. Powder dif- 
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two-phase field. By several different traverses an 
isothermal section of the phase equilibria may be 
determined from plots like Fig. 2. 


Experimental Application 

Speiser, Jacobs, and Spretnak (2) have applied 
the method to liquid Fe-Ni alloys at temperatures 
between 1510° and 1600°C. Analyses of the con- 
densed vapor effusing from a Knudsen cell enabled 
them to apply a special form of Eq. [19]. Iron and 
nickel are completely miscible at the temperatures 
employed so that no phase equilibria were involved. 
The activity data on Fe-Ni alloys has also been de- 
termined by Zellars and Morris (3) at the U. S. 
Bureau of Mines by a transpiration method which 
obtained vapor pressures directly. The agreement 
between the two methods was outstanding. 
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fraction pictures were taken using Cu Ka radiation 
with a Ni filter. 

The ‘“d’” values of the patterns were compared 
with data from many sources and were found to 
agree very well with hydride patterns corresponding 
to approximately ZrH, and TiH,. The comparison 
with the three principal “‘d” values of the hydrides 
are shown in Table I. Additional lines were also in 
good agreement with the standards. 

In addition to the identification above, the authors 
have previously reported the formation of ThH, on 
Th dissolving in dilute HC] (6). 

A thin grayish film was observed also on Hf dis- 
solving in dilute HF, but attempts to remove the film 
were unsuccessful. In light of the foregoing the film 
is probably HfH.. 

These observations appear to indicate that suffi- 
cient atomic hydrogen is generated under conditions 
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Table |. Comparison of samples with ASTM data possible by funds from the Atomic Energy Commis- 

sion. 
Zr Sample ZrH, » Standard 
- Manuscript received Feb. 2, 1959. 

dinaA I/le dinA I/le 
2.76 100 2.76 100 Any discussion of this paper will appear in a Discus- 
1.76 100 1.76 100 sion Section to be published in the June 1960 JouRNAL. 
1.64 | 90 1.66 100 REFERENCES 
1. M. E. Straumanis and P. C. Chen, J. Electrochem. 
ain nA I/le 
2.55 100 2.55 100 Soc., 98, 234 (1951). 
1.57 50 1.56 60 2. J. E. Baumrucker, “Dissolution of Zr in HF”, ANL- 
1.31 50 1.33 60 5020, March 31 (1950). 


of corrosion to produce saturated metal hydrides on 
the metallic surfaces at room temperature. 
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Some Morphological Studies of Silver Crystals Electrodeposited 
from LiCI-KCI Eutectic Melt Containing AgCl 


Ling Yang, Chien-yeh Chien, and Robert G. Hudson 


Metals Research Laboratory, Carnegie Institute of Technology, Pittsburgh, Pennsylvania 


Study of the morphology of metal crystals electro- 
deposited from molten salt baths is of both funda- 
mental and practical interest. Information available 
on this subject, however, is very limited (1-7). This 
note reports some observations made on silver crys- 
tals electrodeposited from LiCI-KCl eutectic melt 
containing AgCl at 500°C. 

The electrolyte was made by melting known 
amounts of AgCl and LiCI-KCl eutectic mixture 
under dry argon atmosphere in a Pyrex cell shown 
in Fig. 1 and was purified by electrolysis with 
dummy silver electrodes according to procedures de- 
scribed previously (8). When electrolysis was car- 
ried out with the cathode remaining stationary, the 
metal pulley shown in the figure was removed, and 
the iron rod holding the silver cathode was con- 
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Fig. 1. Cell arrangement for electrodeposition 


nected to the glass sleeve by a rubber tubing seal, 
similar to that shown for the anodic side. How- 
ever, if it was desired to rotate the cathode during 
electrodeposition, the arrangement shown in Fig. 1 
was used, with the metal pulley resting on top of the 
glass sleeve. The latter fitted closely to the iron 
rod and acted as a bearing. Any leakage of air into 
the cell during rotation was prevented by maintain- 
ing a slow flow of argon through the space between 
the iron rod and the glass sleeve. After the electrol- 
ysis, the cathode was raised out of the melt to the 
upper part of the cell and cooled in argon. The silver 
crystals deposited were freed of occluded electrolyte 
by washing in dilute (6N) NH,OH, dried, and ex- 
amined under a microscope. 

When the cathode was stationary, the deposits 
were always dendritic [Fig. 2 (a)], irrespective of 
the current density (10-1000 ma/cm’ of original ca- 
thodic area) and the concentration of AgCl (3-14 wt 
“~) used. Figure 2(h) and 2(k) are microphoto- 
graphs taken of these dendrites. It can be seen that 
the main axis of the dendrite is 60° from the 
branches at one side and 90° from the branches at 
the other side. The 60° branches stretch out much 
farther than the 90° branches which terminate with 
the formation of definite facets [Fig. 2(k)]. All 
dendrites examined showed this unsymmetrical fea- 
ture. X-ray back reflection Laue patterns obtained 
from these dendrites indicate that the plane of the 
dendrite is of the most densely packed {111} type, 
and the main axis of the dendrite is parallel to the 
<211> directions. The 60° branches are also parallel 
to the <211> directions, while the 90° branches are 
parallel to the <110> directions, each being a 
densely packed atom row in the {111} planes. Thus, 
the growth of the dendrite is fastest along the <211> 
directions and slowest along the <111> directions. 
Since the flow of current is perpendicular to the 
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Fig. 2. Ag crystals deposited from LiCl-KCI-AgC! baths 


|. Macroscopic appearance (1X), 500°C, 3 hr. 


% AgCl 


Current density Cathode rotation 
ma/cm* speed, rpm 
(a) 4 50 0 
(b) 4 50 400 
(c) 4 50 1000 
(d) 4 50 2000 
(e) 4 200 2000 
(f) 4 1000 2000 
(g) 14 200 2000 


Il. Microscopic appearance [50X, except (I) 250X], all re- 
duced to one-third of their sizes) 
(h) same as (a), (i) same as (b), (j) same as (d), all 
oblique illumination (k) same as (a) but for a very large 
dendrite, vertical illumination, (1) triangular etch pits 
on the (111) plane of the dendrite shown in (k), ver- 
tical illumination. 


equal potential surfaces, any crystal grain on the 
surface of the silver cathode with the <211> direc- 
tions perpendicular to the equal potential surfaces 
between the electrodes is a favorable site for start- 
ing a dendrite. As the dendrite nucleus grows out- 
ward, more metal ions are attracted to its tip and 
edge where the electric field is more concentrated and 
thus help the formation of branches. The actual cur- 
rent density on the flat {111} planes is thus very 
small and the growth along the <111> directions 
probably has to rely on the screw dislocation mech- 
anism. 

Close examination of Fig. 2(k) reveals the exist- 
ence of triangular pits with pipes (some triangular 
shaped) running down at their centers. On the sur- 
faces of other dendrites, round pits have been ob- 
served [Fig. 2(h) ]. These pits were probably formed 
by etching while these dendrites were being freed 
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of the occluded electrolytes by washing in NH,OH. 
The favorable locations of these pits are regions in 
between the dendritic branches [Fig. 2(k)] and 
along the midrib of the dendrite [Fig. 2(h)], al- 
though more drastic etching does produce pits else- 
where. The regions between the dendritic branches 
are places where large amounts of impurities and 
imperfections are concentrated. The two sides of the 
dendrite, grown out of its midrib, may not exactly 
align with each other crystallographically. These 
may be the reasons why pits are more likely to form 
at these places. The fact that some of these pits are 
triangular and some are round is probably due to the 
difference in the rate of etching and the presence of 
different amounts of impurities at these pits. When 
the impurity contents are high, preferential adsorp- 
tion on certain faces would lead to the formation of 
pits showing crystallographic symmetry. On the 
other hand, if the impurity contents are low and the 
rate of etching fast, round pits are formed. Figure 
2(1) shows the triangular pits at a bigger magnifica- 
tion. The large size of the pipe at the center of the 
pit is probably associated with the presence of large 
amounts of impurities along the line defect pointing 
downward. 

If the cathode was rotated during the electrolysis, 
both the macroscopic and the microscopic appear- 
ances of the deposits were modified. When the speed 
of rotation was low (e.g., 400 rpm, and current den- 
sity equaled 50 ma/cm’), the branches of the den- 
drites grew thicker and shorter in the form of poly- 
hedrons showing well-defined facets, although the 
deposits in general still retained the dendritic shape 
[Fig. 2(b) and 2(i) ]. With the increase of the speed 
of rotation to 2000 rpm (current density still equaled 
50 ma/cm’*), the dendritic structures broke up fur- 
ther, and the deposits became granular, each grain 
being a single crystal polyhendron exhibiting mostly 
the low index planes [Fig. 2(c), 2(j)]. Since these 
grains usually were not located in one plane, it was 
impossible to obtain well-focussed pictures. Rotation 
continuously moves the dendrite nuclei away from 
the positions favorable to their growth along the 
<211> directions. It also helps to even up the cur- 
rent density distribution over the various parts of 
the dendrite and thus the rate of growth along the 
different crystallographic directions. High current 
density and high AgCl concentration were found to 
favor the dendritic growth, as shown by comparing 
Fig. 2(d) with Fig. 2(e), 2(f), and 2(g). Periodic 
reversal of the current (2-sec deposition, 1-sec dis- 
solution; or 20-sec deposition, 10-sec dissolution) 
did not appear to affect appreciably the macroscopic 
appearance of the deposit on the cathode. In all cases 
studied, both the cathodic and the anodic current 
efficiencies were close to 100%, as determined from 
the weight loss of the electrodes with the aid of a 
silver coulometer. 
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FUTURE MEETINGS OF 
The Electrochemical Society 


Columbus, Ohio, October 18, 19, 20, 21, and 22, 1959 
Headquarters at the Deshler-Hilton Hotel 
Sessions will be scheduled on 

Batteries, Corrosion (including a joint Corrosion—Electronics-Semiconductors session), 
Electrodeposition (including symposia on “Electrodeposition from Organic Solvents” 

and “Electro- and Chemical-Polishing”), 

Electronics (Semiconductors), Electro-Organics, 
and Electrothermics and Metallurgy 


Chicago, IIl., May 1, 2, 3, 4, and 5, 1960 
Headquarters at the Lasalle Hotel 
Sessions probably will be scheduled on 
Electric Insulation, Electronics (including Luminescence and Semiconductors), 
Electrothermics and Metallurgy, Industrial Electrolytics, 
and Theoretical Electrochemistry 


Houston, Texas, October 9, 10, 11, 12, and 13, 1960 
Headquarters at the Shamrock Hotel 


Indianapolis, Ind., April 30, May 1, 2, 3, and 4, 1961 
Headquarters at the Claypool Hotel 


Detroit, Mich., October 1, 2, 3, 4, and 5, 1961 
Headquarters at the Statler Hotel 


Papers are now being solicited for the meeting to be held in Chicago, Ill, May 1-5, 1960. Tripli- 
cate copies of each abstract (not exceeding 75 words in length) are due at Society Headquarters, 
1860 Broadway, New York 23, N. Y., not later than January 4, 1960 in order to be included in the 
program. Please indicate on abstract for which Division’s symposium the paper is to be scheduled, 
and underline the name of the author who will present the paper. Complete manuscripts should 
be sent in triplicate to the Managing Editor of the Journat at 1860 Broadway, New York 23, N.Y. 
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Current Affairs 


Annual Report of the Board of Directors 
April 1, 1958-March 31, 1959 


In accordance with the custom 
established at our last Annual 
Meeting, the Reports of the Board 
of Directors and the Secretary will 
coincide with the fiscal year of the 
Society. 

The most important actions at 
each Board Meeting have been re- 
ported to you in the JOURNAL in 
order that you might be informed 
as to what has transpired. 

Your Board of Directors has no 
particular recommendations to 
make at this time which require ac- 
tion at this meeting [Annual Meet- 
ing, Philadelphia]. However, the 
following matters of special interest 
are being reported to you. 

During the past year the follow- 
ing Awards were made: 

Edward Goodrich Acheson Award 
—The Edward Goodrich Acheson 
Gold Medal and $1000 Prize was 
awarded to Dr. William J. Kroll for 
his distinguished contribution to 
Refractory Metals Technology. 

Battery Division Award—Dr. 
John J. Lander was the first recipi- 
ent of the Battery Division Award, 
in the form of Life Membership in 
the Society in recognition of his 
outstanding paper on “Anodic Cor- 
rosion of Lead in Sulfuric Acid 
Solutions.” 


Appointment of Interim Secretary 
We are greatly indebted to Dr. 
Henry B. Linford for continuing to 
serve as Secretary of the Society 
until it became known who the 


elected Secretary would be, as a re- 
sult of vote by mail ballot. As you 
know, Dr. Ivor E. Campbell was 
elected as your next Secretary, and 
he received an interim appointment 
until he takes office as the regularly 
elected Secretary at this meeting. 


Local Sections 
No new Local Sections were af- 
filiated with the Society during the 
past year. However, it is contem- 
plated that one may soon be organ- 
ized in Texas. 


Microtilms 
Contractual relations have been 
entered into with University Micro- 
films, Inc., of Ann Arbor, Mich., to 
microfilm all volumes of the Jour- 
NAL, 


Reprints of the Journal 
An agreement has also been con- 
cluded with the’ Johnson Reprint 
Corp., authorizing them to reprint 
volumes of the JOURNAL which are 
no longer available. 


New Honorary Members 

During 1958, George W. Heise and 
Frank C. Mathers, upon recom- 
mendation of the Honors and Awards 
Committee as required by our Con- 
stitution and Bylaws, were unani- 
mously elected by the Board of 
Directors as Honorary Members of 
the Society. Thus far in 1959, Robert 
M. Burns has been similarly honored. 
They will be the special guests at 
our banquet on Tuesday evening. 


Unfortunately, Dr. Burns cannot be 
here and Dr. H. H. Uhlig will sub- 
stitute for him. 


Special Symposia 

During the past year, the Board of 
Directors approved of arrangements 
for holding of special symposia on 
“Electrode Processes” and “Liquid 
Dielectrics” at our Philadelphia 
Meeting. 

Approval also was granted for a 
special joint symposium on “The 
Chemistry of Metal and Semicon- 
ductor Surfaces,” by our Corrosion 
and Electronics Divisions, to be held 
in Columbus in the fall of 1959. 

These symposia are jointly spon- 
sored by some agency of the Gov- 
ernment and our Society. They may 
be considered international in scope 
in that so many of our distinguished 
colleagues from abroad, to whom we 
extend a very cordial welcome, will 
present papers and participate in 
them. 


Bequest by Azariah T. Lincoln 
The Society received a bequest of 
1/60th of the estate of the late Dr. 
Azariah T. Lincoln. This money has 
been added to the Consolidated 
Fund by Board action. 


Marvin J. Udy 
Our Board of Directors has ex- 
pressed its regrets in the passing of 
Marvin J. Udy, former President of 
our Society. 


Sherlock Swann, Jr., Chairman 


Annual Report of the Secretary, April 1, 1958-March 31, 1959 


Before submitting the Annual Re- 
port of the Secretary, I should like 
to take advantage of this opportunity 
to publicly express to my predeces- 
sor, Dr. Henry B. Linford, my sin- 
cere appreciation for his assistance 
when I assumed the duties of 
Interim Secretary. 

It is a pleasure to report that the 
fiscal year, which closed on March 
31, 1959, witnessed another period of 
sustained growth of the Society. As 
of today, the Society has over 3000 


members. A net increase of 134 
members was recorded during the 
fiscal year largely as the result of 
energetic efforts of Fred Koerker 
and his associates on the Member- 
ship Committee. 

Hans Thurnauer has worked dili- 
gently in enlisting the support of the 
business community and as a result, 
corporate support, in the form of 
Patron and Sustaining Memberships, 
has likewise increased. Nineteen 
new Sustaining Members were en- 
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rolled during the past year; how- 
ever, we lost 9 during the recession 
period, leaving a net gain of 10. Our 
Patron Members now total 5 and 
Sustaining Members 151. 

The various Divisions of our 
Society have also exhibited their 
usual initiative in arranging for 
symposia to meet present needs in 
their respective areas of electro- 
chemistry. We are happy to welcome 
about 30 of our colleagues from 
overseas to this meeting [Philadel- 


: 
| 
4 
4 

; 
. 


Vol. 106, No. 7 


phia], and I am sure they all will 
make significant contributions to 
our technical sessions. A _ record 
number of 203 papers will be pre- 
sented, and it is now apparent that 
this meeting will be the largest 
from the standpoint of attendance. 

During the past year, the Budget 
for printing and mailing our Jour- 
NAL was increased. As you have 
probably noticed, an _ increasing 
number of papers have been pub- 
lished in current issues; this has 
been done to keep abreast of those 
which have been cleared for pub- 
lication. The Budget for our new 
fiscal year contains a further in- 
crease; in this way, we hope to pub- 
lish these papers as quickly as 
possible and thus increase the value 
and importance of the JOURNAL to 
you. 


CURRENT AFFAIRS 


“The Technology of Columbium” 
and “The Structure of Electrolytic 
Solutions,” the latest in our mono- 
graph series, came off the press 
during the past year. Several others 
have been approved and are now in 
various stages of production. “Mod- 
ern Electroplating” and “High Tem- 
perature Technology” are also being 
revised in order to keep our pub- 
lished material abreast of latest 
technical advances in these fields. 

During the past year, your Board 
of Directors has approved the ac- 
quisition of additional office space 
for the National Headquarters in 
order to provide adequate accom- 
modations for the increased activity 
and responsibilites of the staff. 
Everyone is quite pleased with the 
new headquarters and it is hoped 
that, whenever any members of the 
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Society are in New York, they will 
take advantage of this opportunity 
to inspect the facilities and become 
acquainted with the staff. 

In conclusion, I am pleased to re- 
port that I have been impressed 
with the efficiency at which our 
National office operates, with the 
competence of the staff individually 
and collectively, and with the as- 
sistance and cooperation they pro- 
vide to Society members and to 
Society officers. I would particularly 
like to call your attention to the ex- 
cellent job which Bob Shannon is 
doing as Executive Secretary. I am 
sure that Dr. Linford, who served as 
Secretary as well as Vice-President 
during the past year, joins me in 
this commendation. 


Ivor E. Campbell, Secretary 


Financial Statement of The Electrochemical Society, Inc. 


Local Sections and 
Divisions 1,500 

Young Author’s Prize 100 

New Capital 
Equipment 600 

Presidential Office 
Expense 

New York Office 
Travel 

Conventions: 
Program Booklets 
Materials, Supplies, 

Postage 


Statement of Income and Expenses ‘niin 
April 1, 1958-March 31, 1959 "100. 


100.00 


Budget Society 
12 months General Reserve 
(adjusted) Fund Fund 


Income 


Membership Dues 
Patron and Sustaining 
Memberships 
Reprints 
Nonmember Journal 
Subscriptions 
Office Sale Journal 
and Publications 500 
Advertising 9,000 
Bound Volumes 2,500 
Conventions 5,000 
Interest Earned on 
General Funds 


1,000 537.53 
$43,480 $ 40,803.05 
1,400 1,401.54 
17,000 


10,000 


20,885.00 


7,364.75 2,000 1,568.68 


27,450 26,793.24 1,000 671.41 


867.53 
11,978.19 
2,395.60 
9,240.23 


$117,800 $122,118.02 
Contingency—1% 
Estimated Income 1,150 
$118,950 
Excess Income over Ex- 
penses—General 


798.77 


$114,930 $121,126.36 


Nonmember Journal 
Subscriptions 
Nonmember Convention 


5,490 


Fund 


Income Credited to 
Society Reserve 


$5,020.52 
Fund 


—4,020 9,008.34 


13,490 11,640.42 


Registrations 
Monograph Royalties 
Income from 

Investments 


2,500 
3,500 


2,064.00 


1,219.38 Total Excess Income 


over Expenses $ 9,470 $20,648.76 


2,000 3,336.52 


$ 13,490 11,640.42 


$128,420 


Balance Sheet at March 31, 1959 


Statement of Assets 
Cash 
Chemical Corn Exchange Bank 
Electronics Division 
Monograph Fund 
Corrosion Division 
Monograph Fund 
Electrodeposition Division 
Monograph Fund 
Electrothermics & Metallurgy 
Division Monograph Fund 


Print and Mail 
Journal 

Reprints 

Salaries 

Rent 

Postage, Supplies, 
Miscellaneous 

Bound Volumes 


$ 42,000 $42,168.70 
5,429.25 
45,376.17 


4,200.00 


99.34 
1,088.92 


1,161.72 
6,744.13 


2,851.61 1,457.20 
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Edward Weston 


Theoretical Division 
Monograph Fund 

New Capital Equipment 

Azariah T. Lincoln Bequest 

Society Reserve Fund 

General Fund 


Petty Cash—General Fund 


Excelsior Savings Bank— 
General Fund 


Greenwich Savings Bank— 
General Fund 


Chase Manhattan Bank Savings 
Account— 


General Fund 


USA Treasury Bills— 
General Fund 


Investments 


Edward Goodrich Acheson Fund 


Securities $34,028.00 
Savings Account 2,369.71 


F. M. Becket Memo- 
rial Award Fund 


Securities 14,031.25 
Savings Account 800.93 


Consolidated Fellowship 


Fund 


Securities 


Joseph W. Richards 


Memorial Fund 


Savings Account 


Fellowship Fund 


Securities 


General Portfolio of 


Investments 


Corrosion Division 20,195.88 
Electrodeposition 


Division 1,000.00 
Electrothermics & 

Metallurgy 

Division 1,000.00 
Society Reserve 

Fund 72,732.76 


506.14 
106.13 
474.72 
9,770.90 
10,336.07 


$25,001.14 


15.69 
9,530.27 


10,387.68 


9,663.11 


9,942.36 


36,397.71 


14,832.18 


39,685.89 


14,712.42 


96,928.64 


Other Assets 


Accounts 
Receivable 
Furniture and 


Fixtures 9,228.30 
Less Reserve for 

Depreciation 654.08 
Inventory 


5,064.92 


8,574.22 


5,775.75 


$64,540.25 


203,329.49 


19,414.89 


$287,284.63 
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Statement of Liabilities and Surpluses 


Liabilities 


Deferred Income 

India Section s 13.96 
Overseas Subscriptions 

Payable (DBG and 


Faraday) 2,443.10 
Life Memberships 1,877.36 
Federal Taxes Withheld 640.35 
Advance Liquid Dielectrics 
Symposium (NSF) 2,356.17 $ 7,330.94 
Surpluses 


Special Funds 

Edward Goodrich 

Acheson Fund . $36,397.71 
F. M. Becket Me- 

morial Award 

Fund 14,832.18 
Consolidated Fellow- 

ship Fund 39,685.89 
Joseph W. Richards 

Memorial Fund 772.65 
Edward Weston Fel- 

lowship Fund 14,712.42 
Azariah T. Lincoln 

Bequest 474.72 106,875.57 


Monograph Funds 


Corrosion Division 21,284.80 
Electrodeposition 


Division 2,161.72 
Electrothermics & 

Metallurgy 

Division 4,457.20 
Theoretical 

Division 506.14 
Electronics 


Division 99.34 28,509.20 


Society Reserve Fund 


Surplus 70,863.24 
Income Received 11,640.42 82,503.66 


General Fund 


Surplus 55,275.12 
New Capital 
Equipment 106.13 55,381.25 


Less Advances: 
Electro-Organic 
Chemistry 500.00 
Technology of 
Columbium 725.60 
10-year Index 
(1952-61) 683.79 
Vacuum- 
Metallurgy 414.94 


2,324.33 
53,056.92 
Excess Income 
over Expenses 9,008.34 62,065.26 279,953.69 


$287,284.63 
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General Portfolio of Investments 


Value of Securities 3/31/58 $70,665.00 


Additional Investments: 
Corrosion Division 
Society Reserve Fund: 

Interest and Dividend Shares 820.36 
New Purchases 6,208.51 


2,000.00 


9,028.87 


Increased Value of Securities Based on 


Closing Prices 3/31/59 17,234.77 


FuND VALUE 3/31/59 


Society Reserve Fund 


Equity Value in General Portfolio 


3/31/58 $48,469.12 


Additional Investments 
*Interest and Dividend 
Shares 
New Purchases 


820.36 
6,208.51 7,028.87 
Increased Value of Securities in 
General Portfolio as of 3/31/59 17,234.77 
Equity Value in General 
Portfolio 3/31/59 
Bank Credit Balance 
3/31/58 
*Cash Dividends 2,516,16 
*Monograph Royalties 1,219.38 
*Convention Registra- 
tion Fees 
*Journal Sub- 
scriptions 


$72,732.76 


5,159.35 


2,064.00 


5,020.52 10,820.06 


15,979.41 


Less New Securities Purchased 6,208.51 


Bank Credit Balance 3/31/59 9,770.90 


FunpD VALUE 3/31/59 $82,503.66 


*Total Income from Sources Indicated $11,640.42 


Division Monograph Funds 
Corrosion Division 


Equity in General 
Portfolio 3/31/58 
Additional Investment 


$18,195.88 
2,000.00 $20,195.88 


Bank Credit Balance 
3/31/58 2,054.83 
Monograph Royalties 1,772.02 3,826.85 
New Securities 
Purchased 
Corrosion Research 
Council 
Ottawa Meeting 
Expense 54.40 


2,000.00 
683.53 


2,737.93 


Bank Credit Balance 3/31/59 1,088.92 


Funp VALUE 3/31/59 $21,284.80 


$96,928.64 
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Electrothermics and Metallurgy Division 


Equity in General Portfolio 3/31/58 
Bank Credit Balance 3/31/58 1,035.35 
Monograph Royalties 421.85 


3,000.00 


Bank Credit Balance 3/31/59 1,457.20 


$4,457.20 


FuND VALUE 3/31/59 


Electrodeposition Division 


Equity in General Portfolio 3/31/58 
Bank Credit 
Balance 3/31/58 
Monograph Royalties 
Bank Credit Balance 3/31/59 


1,000.00 


Funp VALvuE 3/31/59 


Theoretical Electrochemistry Division 
Bank Credit Balance 3/31/58 
Monograph Royalties 


Bank Credit Balance 3/31/59 


Electronics Division 
Bank Credit Balance 3/31/58 
Monograph Royalties 


Bank Credit Balance 3/31/59 


Special Funds 
Edward Goodrich Acheson Fund 


Value of Securities 3/31/58 
New Securities Purchased 


$33,126,50 
424.32 


33,550.82 
Securities Sold 50.00 


33,500.82 

Increased Value Securities 

3/31/59 527.18 
Value Securities 3/31/59 
Savings Account Balance 

3/31/58 

Dividends From 

Investments 1,398.78 
Securities Sold 50.00 
Interest on Savings 

Account 83.46 


$34,028.00 


2,780.75 


1,532.24 


4,312.99 
Purchase New 
Securities 424.32 
Acheson Award 
Expenses 1,518.96 


Savings Account Balance 3/31/59 


1,943.28 


2,369.71 


FuND VALUE 3/31/59 


$36,397.71 


ae 
928.02 
233.70 
1,161.72 
65.01 
506.14 
Phe 71.34 
28.00 
99.34 
d 
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Consolidated Fellowship Fund 


Fundamental Investors, Inc. 


Value Shares 3/31/58 11,912.68 
Dividend Shares 
Accumulated 746.16 
12,658.84 
Increased Value Shares 
3/31/59 3,905.20 
Total Value Shares 
3/31/59 
Wellington Fund, Inc. 
Value Shares 3/31/58 10,468.97 
Dividend Shares 
Accumulated 801.08 
11,270.05 
Increased Value Shares 
3/31/59 1,810.06 
Total Value Shares 3/31/59 
Incorporated Investors 
Value Shares 3/31/58 1,722.17 
Dividend Shares 
Accumulated 227.00 
Shares Purchased by 
Weston Fund 379.04 
2,328.21 
Increased Value Shares 
3/31/59 643.50 
Total Value Shares 3/31/59 
Blue Ridge Mutual Fund, Inc. 
Value Shares Purchased by 
Weston Fund 236.00 
Dividend Shares 
Accumulated 5.79 
241.79 
Less Value Shares 
3/31/59 21.76 
Total Value Shares 3/31/59 
The Anaconda Company 
100 Shares Acquired 
Value 6,987.50 
Less Value Shares 
3/31/59 137.50 
Total Value Shares 3/31/59 
Funp VALueE 3/31/59 
F. M. Becket Memorial Award Fund 
Value Securities 3/31/58 $9,680.38 
New Securities 
Purchased 211.72 
9,892.10 
Increased Value 
Securities 3/31/59 


4,139.15 


Value Securities 3/31/59 
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$16,564.04 


13,080.11 


2,971.71 


220.03 


6,850.00 


$39,685.89 


$14,031.25 


July 1959 


Savings Account Balance 


3/31/58 $ 506.66 
Dividends on 
Investments 490.95 
Interest Income 15.04 505.99 
1,012.65 
New Securities Purchased 211.72 
Savings Account Balance 3/31/59 800.93 
Funp VALUE 3/31/59 $14,832.18 
Edward Weston Fellowship Fund 
Value Securities 
3/31/58 13,942.18 
Increased Value Securities 
3/31/59 770.24 
Value Securities 3/31/59 14,712.42 
Checking Account 
Balance 3/31/58 130.35 
Income from Investments 484.69 
615.04 
Purchase of Shares Consolidated 
Fellowship Fund 615.04 
Funp VALUE 3/31/59 $14,712.42 
Joseph W. Richards Memorial Fund 
Savings Account Balance 
3/31/58 848.08 
Interest Income 24.57 
872.65 
Richards Memorial Lecture 
Expense 100.00 
Funp VALvE 3/31/59 $772.65 
Certificate of Audit 


I have examined the balance sheet of The Electro- 
chemical Society, Incorporated, as of March 31, 1959, 
and the related statement of income and expenses for 
the period from April 1, 1958 to March 31, 1959. My 
examination was made in accordance with generally 
accepted auditing standards and, accordingly, included 
such tests of the accounting records and such other 
auditing procedures as I considered necessary in the 
circumstances. 

In my opinion, the balance sheet and statement of in- 
come and expenses present fairly the financial position 
of The Electrochemical Society, Incorporated, at March 
31, 1959, and its income and expenses for the 12-month 
period then ended. 


(Signed) H. K. Leicht, Auditor 
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Division News 


Electric Insulation Division 
The Electric Insulation Division 
held its annual business meeting in 
Philadelphia on May 7, 1959, and 
elected the following officers for the 
next year (1959-1960): 


Chairman—A. J. Sherburne, Gen- 
eral Electric Co.; Mail add: 
1770 Wendell Ave., Schenectady, 
N. Y. 

Vice-Chairman—T. D. Callinan, 
IBM Corp.; Mail add: RFD No. 
1, Box 118, Yorktown Heights, 

Secretary-Treasurer—C. C 
Houtze, Bell Telephone Labs. 
Inc., Murray Hill, N. J. 


Mr. L. J. Frisco, Johns Hopkins 
University, and Mr. H. Thurnauer, 
Minnesota Mining & Manufacturing 
Co., were elected to the Executive 
Committee. Mr. A. Gunzenhauser 
was reappointed to the Membership 
Committee. 

A symposium on “Electrolytic 
Capacitors” was scheduled for the 
Chicago Meeting of the Society to be 
held in May 1960. Session Chairmen 
are R. A. Ruscetta, General Electric 
Co., and C. C. Houtze, Beli Tele- 
phone Labs., Inc. 


T. D. Callinan, Vice-Chairman 


Section News 


Boston Section 

The 16th meeting of the Boston 
Section of the Society was held on 
Wednesday, April 1, 1959, at the 
Arthur D. Little Research Labs. at 
Acorn Park. Dr. W. H. Brattain of 
the Bell Telephone Labs., co-winner 
of the 1956 Nobel Prize in Physics, 
spoke on “Physics of Semiconductor 
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Surfaces.” The physical measure- 
ments that can be made on such a 
surface are contact potential, sur- 
face conductivity, and surface re- 
combination. The changes induced 
in these quantities when the equi- 
librium at the surface is upset (by 
an applied field or by changing the 
concentration of holes and electrons 
near the surface either photoelec- 
trically or by current flow across 
the surface) enable us to understand 
the surface in considerable detail, 
especially in the case of germanium. 
The surface can be studied in con- 
tact with a gaseous phase or with an 
electrolyte. The p-n junction is a 
simple ideal model for such a semi- 
conductor surface. The surface be- 
haves as if it were a separate phase 
from that of the interior, varying 
from very n-type to very p-type 
regardless of the type of the interior. 
The surface type is determined 
largely by the external chemical 
ambient. 

The next meeting, planned for 
May 20, 1959, will feature Dr. L. B. 
Rogers of the Massachusetts Insti- 
tute of Technology in Cambridge, 
Mass., who will speak on “Initial 
Stages of Electrodeposition.” 


R. A. Peak, 
Secretary-Treasurer 


Pittsburgh Section 

The Pittsburgh Section held its 
winter meeting jointly with the 
Physical and Inorganic Chemistry 
Group of the local section of the 
American Chemical Society. The 
two groups met for dinner. The 
speaker of the evening was Profes- 
sor J. O'M. Bockris of the University 
of Pennsylvania who spoke on 
“Mechanisms of Electrodeposition of 
Metals.” A short business meeting 
and snack session followed the talk. 


J. W. Faust, Jr., 
Secretary-Treasurer 


New Members 


In May 1959, the following were 
elected to membership in The Elec- 
trochemical Society by the Admis- 
sions Committee: 


Active Member Sponsored by a 


F. H. Horn, Research Labs., General 
Electric Co., Schenectady, N. Y. 
(Electronics) 


Active Members 

A. M. Aksoy, Crucible Steel Co. of 
America; Mail add: 100 Kent 
Place, Syracuse 9, N. Y. (Electro- 
thermics & Metallurgy) 

Lennert Anderson, Texas Instru- 
ments, Inc.; Mail add: 7915 Hun- 
nicut, Apt. A, Dallas 28, Texas 
(Industrial Electrolytic) 

J. J. Bohrer, International Resist- 
ance Co., 401 No. Broad St., Phila- 
delphia 8, Pa. (Electronics) 

R. A. Campbell, Dept. of Mines & 
Technical Surveys, 552 Booth St., 
Ottawa 3, Ont., Canada (Electro- 
thermics & Metallurgy) 

W. E. Dalton, Sperry Gyroscope Co.; 
Mail add: 373 Ridgewood Ave., 
Brooklyn 8, N. Y. (Corrosion) 

F. A. Halden, Stanford Research 
Institiute; Mail add: 1049 Valley 
Forge Dr., Sunnyvale, Calif. 
(Electronics) 

L. H. Jenkins, Oak Ridge National 
Lab.; Mail add: 7413 Sheffield Dr., 
Knoxville, Tenn. (Corrosion, 
Theoretical Electrochemistry) 

J. E. Joyce, Chemical Dept., Inland 
Steel Co., Indiana Harbor, Ind. 
(Corrosion, Electrodeposition) 

Harry Kroll, American Smelting & 
Refining Co.; Mail add: 408 Fair 
St., Warwick, R. I. (Corrosion, 
Electrodeposition, Electro-Organ- 
ic) 

S. N. Levine, Radio Corp. of America; 
Mail add: 225 Eastern Pkway., 
Brooklyn 38, N. Y. (Battery, 


Manuscripts and Abstracts for Spring 1960 Meeting 


Papers are now being solicited for the Spring Meeting of the Society 
Chicago, Ill., May 1, 2, 3, 4, and 5, 1960. Technical sessions probably will be scheduled on Electric Insulation, 
Electronics (including Luminescence and Semiconductors), Electrothermics and Metallurgy, Industrial Elec- 
trolytics, and Theoretical Electrochemistry. 

To be considered for this meeting, triplicate copies of abstracts (not exceeding 75 words in length) must 
be received at Society Headquarters, 1860 Broadway, New York 23, N.Y., not later than January 4, 1960. 
Please indicate on abstract for which Division’s symposium the paper is to be scheduled, and underline the 
name of the author who will present the paper. Complete manuscripts should be sent in triplicate to the 
Managing Editor of the JouRNAL at the same address. 


The Fall 1960 Meeting will be held in Houston, Texas, October 9, 10, 11, 12, and 13, 1960, at the Sham- 
rock Hotel. Sessions will be announced in a later issue. 


, to be held at the Lasalle Hotel in 
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By action of the Board of Directors 
of the Society, all prospective mem- 
bers must include first year’s dues 
with their applications for member- 
hip. 

Also, please note that, if sponsors 
sign the application form itself, 
processing can be expedited consid- 
erably. 


Electronics, 
Metallurgy) 

J. T. Lynch, Texas Instruments, Inc.: 
Mail add: 205 W. Valencia, Gar- 
land, Texas (Electrodeposition, 
Electronics, Theoretical Electro- 
chemistry ) 

J. S. Mathias, Foote Mineral Co.; 
Mail add 105 Thomas Ave., 
Riverton, N. J. (Electronics, 
Electrothermics & Metallurgy) 

Robert Myslik, Sperry Gyroscope 
Co.; Mail add: 998 Pacific St., 
Lindenhurst, L. L, N. Y. (Cor- 
rosion, Electrodeposition ) 

S. G. Parker, Texas Instruments, 
Inc.; Mail add: 5446 Glenwick 
Lane, Dallas 9, Texas (Electron- 
ics) 

S. S. Nielsen, General Electric Co., 
Mail add: Mansion Dr., Topsfield, 
Mass. (Battery) 

I. G. Peters, Development, Semi- 
conductor Div., Texas Instru- 
ments, Inc., P. O. Box 312, Dallas, 
Texas (Electronics, Theoretical 
Electrochemistry ) 

R. C. Putnam, E. F. Drew & Co., 
Inc.; Mail add: 147 Boulevard, 
Mountain Lakes, N. J. (Corro- 
sion) 

E. S. Racca, Fiat S.p.a.; Mail add: 
Avenida Copilco 229, Mexico D.F., 
Mevico (Corrosion, Electrodeposi- 
tion, Electrothermics & Metal- 
lurgy ) 

A. J. Raffalovich, U. S. Army Signal 
Research & Development Lab.; 
Mail add: 38 Queens Dr. E., Little 
Silver, N. J. (Corrosion, Electro- 
deposition) 

J. C. Robertson, Dow Chemical Co.; 
Mail add: 208 Chestnut, Lake 
Jackson, Texas (Electrothermics 
& Metallurgy, Industrial Electro- 
lytic) 

Thayer Rudd, Allegheny Electronic 
Chemical Co.; Mail add: Box 529, 
Bradford, Pa. (Electronics) 

R. L. Saur, General Motors Research 
Lab.; Mail add: 19943 Westbrook, 
Detroit 19, Mich. 
Electrodeposition, 
Electrochemistry ) 

R. T. Schlick, Fisher Scientific Co., 
711 Forbes St., Pittsburgh 19, Pa. 

(Electrodeposition, Theoretical 

Electrochemistry ) 


Electrothermics & 


(Corrosion, 
Theoretical 


A. A. Uchiyama, American Potash & 
Chemical Corp.; Mail add: 164 No. 
Chester Ave., Pasadena, Calif. 
(Electrodeposition, Electrother- 
mics & Metallurgy, Industrial 
Electrolytic, Theoretical Electro- 
chemistry) 

O. C. Wagner, Yardney Labs., Inc.; 
Mail add: 1305 Nelson Ave., 
Bronx 52, N. Y. (Battery) 

R. W. Wick, Frankford Arsenal; 
Mail add: 9967 Verroe Rd., Phila- 
delphia 15, Pa. (Electrodeposi- 
tion) 

P. L. Walker, Jr., Fuel Technology 
Dept., Pennsylvania State Univer- 
sity, University Park, Pa. (Bat- 
tery, Electronics, Electro-Organic, 
Electrothermics & Metallurgy, In- 
dustrial Electrolytic) 

R. P. Williams, Texas Instruments, 
Inc.; Mail add: 3709 Bolivar, Dal- 
las, Texas 

C. A. Zimmerman, Cities Service Re- 

search & Development Co., Lake 

Charles, La. (Corrosion) 


Associate Members 

L. A. Carmichael, Jr., Electrochem- 
istry Lab. 54-25, Lockheed Air- 
craft Corp., Sunnyvale, Calif. (In- 
dustrial Electrolytic, Theoretical 
Electrochemistry) 

P. E. Krouse, Burgess Battery Co.; 
Mail add: 320 No. Galena Ave., 
Freeport, Ill. (Battery, Corrosion) 

A. M. McGee, Lockheed Aircraft 
Corp.; Mail add: 3450 San Fran- 
cisco Ave., Apt. 7, Santa Clara, 
Calif. (Battery, Theoretical Elec- 
trochemistry ) 


Student Associate Members 

H. C. Custard, Jr., Baylor Univer- 
sity; Mail add: 1504 Cumberland, 
Waco, Texas (Electronics, Theo- 
retical Electrochemistry ) 

L. G. Feinstein, Cleveland Award 
Winner, Case Institute of Tech- 
nology; Mail add: 1733 E. 116th 
Place, Cleveland 6, Ohio (Theo- 
retical Electrochemistry) 

J. R. Goodwyn, Baylor University; 
Mail add: 1501 So. 9th, Apt. 423, 
Waco, Texas (Electrodeposition) 

G. M. Gordon, Ohio State Univer- 
sity; Mail add: 5743 Olentangy 
Blvd., Worthington, Ohio 

B. J. Kim, Virginia Polytechnic In- 
stitute; Mail add: Box A-437, 
Virginia Technical Station, 
Blacksburg, Va. (Corrosion, Elec- 
trodeposition, Electrothermics & 
Metallurgy ) 

C. C. Liang, Baylor University; Mail 
add: Box 6362, B. U. Station, 
Waco, Texas (Theoretical Electro- 
chemistry) 

M. R. Lorenz, Rensselaer Polytech- 
nic Institute; Mail add: 12-2 
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Georgian Terrace, Troy, N. Y. 

(Theoretical Electrochemistry) 

F. A. Matsuda, Baylor University; 
Mail add: No. 9, 424% Speight, 
Waco, Texas (Electrodeposition) 

D. H. McClelland, Baylor Univer- 
sity; Mail add: B. U. Station, Box 
6394, Waco, Texas (Theoretical 
Electrochemistry) 

S. Venkatachalam, Dept. of Inor- 
ganic & Physical Chemistry, Indian 
Institute of Science, Bangalore 12, 
India (Corrosion, Electrodeposi- 
tion) 

R. M. Whitticar, III, Hiram College, 
P. O. Box 674, Hiram, Ohio (In- 
dustrial Electrolytic) 


Reinstatement to Active Membership 
S. L. Henn, Lea Manufacturing Co., 
16 Cherry Ave., Waterbury 20, 
Conn. (Electrodeposition) 


Transfers from Student Associate 
to Active Membership 


A. P. Bond, Diamond Ordnance Fuse 
Lab.; Mail add: 2211 Washington 
Ave., Apt. 102, Silver Spring Md. 
(Corrosion) 

J. L. Vaid, Indian Telephone Indus- 
tries (P) Ltd., Bangalore, India 
(Electrodeposition) 


Deceased (March) 
V. L. Kelley, Chattanooga, Tenn. 
H. W. Deinum, Geleen, The Nether- 
lands 


Personals 


Frederick A. Keller has been 
elected vice-president for research 
and development at Bright Star In- 
dustries, Clifton, N. J. Mr. Keller 
began his research career at Doehler 
Die Casting in 1918 and started with 
Bright Star Industries in 1925 as a 
chemist. He holds a B.S. degree in 
chemistry from Cooper Union, a 
M.S. in electrochemistry from Co- 
lumbia University, and a Ch.E. in 
chemical engineering from Brook- 
lyn Polytechnic Institute. 


Notice to Members and 
Subscribers 
(Re Changes of Address) 


To insure receipt of each 
issue of the JouRNAL, please be 
sure to give us your old ad- 
dress, as well as your new one, 
when you move. Our records 
are filed by states and cities, 
not by individual names. The 
Post Office does not forward 
magazines. 
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John P. Magos has been appointed 
director of engineering for Crane 
Co., Chicago, Ill. Mr. Magos joined 
the company in 1923 as a draftsman. 
Subsequently, he served as a re- 
search engineer and designer, and 
director of research. During the past 
two years, he was executive assistant 
to the engineering vice-president. 


Edwin J. Smith, of the Weirton 
Steel Co., Div. of National Steel 
Corp., Weirton, W. Va., has been 
promoted to the position of associate 
director in charge of product re- 
search. He joined Weirton Steel Co. 
as a research chemical engineer in 
1946 after six years with Republic 
Steel Corp. and advanced to super- 
visor of electrolytic research and 
development in 1953 and to research 
supervisor—coated products in 1958. 


Donald F. Brookland has been 
elected vice-president for alloys of 
Tennessee Products & Chemical 
Corp., Nashville, Tenn. Prior to 
joining Tennessee Products, Mr. 
Brookland was associated for five 
years with Keokuk Electro Metals 
Co., Iowa, most recently as vice- 
president for operations. 


Marvin J. Udy 

Marvin J. Udy, metallurgist, in- 
ventor, and industrialist, died of a 
heart attack at his home in Niagara 
Falls, N. Y., April 11, 1959. He was 
intensely active in the development 
of his many interests up to the time 
of his death. In his passing, electro- 
metallurgy has lost a brilliant sci- 
entist and his many friends and 
associates have lost a sturdy com- 
panion. 

Among the many technical socie- 
ties counting him in their member- 
ship, The Electrochemical Society 
held first place in his regard. He 
attended both the national and local 
section meetings regularly and con- 
tributed many papers and discus- 
sions to the proceedings of the 
Society. He was a member of the 
Board of Managers for several years 
and served as President from the 
spring of 1954 to 1955. At the time 
of his death, he was a member of 
the Society’s Honors and Awards 
Committee (formerly the Acheson 
Medal Award Committee), as well 
as serving on the Advisory Panel 
for Investment of Society Funds. 

Mr. Udy was born on February 19, 
1892 at Farmington, Davis County, 
Utah, the son of Mathias Cowley 
Udy and Emily Rebecca Hess. On 
June 3, 1915, he married Tessa 
McMurray. They were the parents 
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of three sons: Murray Cowley, born 
1916, long associated with his father 
in metallurgical development; Lynn 
Stuart, born 1917, deceased 1952; 
Kay Nelson, born 1919, deceased 
1919. 


Marvin J. Udy 


Mr. Udy was educated in the pub- 
lic and preparatory schools of Utah. 
He received his B.S. degree in 
chemical engineering from _ the 
University of Utah in 1915 and, in 
the following year, received his M.S. 
degree in metallurgy from the same 
school. 

On May 18, 1948, Mr. Udy was the 
recipient of the Schoellkopf Medal 
granted by the Western New York 
Section of the American Chemical 
Society honoring his achievements 
in metallurgy. The Medal was ac- 
companied by the following cita- 
tion: “The Western New York 
Section American Chemical Society 
awards the Jacob F. Schoellkopf 
Medal to Marvin J. Udy in recog- 
nition of his skill in industrial re- 
search as exemplified by the inven- 
tion of the first commercial proces- 
ses for cadmium plating and the 
electrodeposition of chromium, and 
for the development of unique 
processes for the electrothermic ex- 
traction of chromium from its ores.” 

Marvin J. Udy received an Hon- 
orary Doctor of Science degree 
from Alfred University on June 10, 
1956. 

In 1918, he worked as a chemist 
for the Hooker Electrochemical Co. 
at Niagara Falls, N. Y., on the use of 
chlorine in the metallurgy of non- 
ferrous ores. Together with Mr. O. 
C. Ralston, he developed a method, 
later patented, of separating nickel 
and cobalt, using chlorine and cal- 
cium carbonate. 

From November 1918 to Novem- 
ber 1919, he was chief chemist at 
the Haynes Stellite Co., Kokomo, 
Ind. There he worked with Mr. 
Elwood Haynes, the inventor of 
stellite. His work was in connection 
with the manufacture of stellite and 
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treatment of cobalt ores from Idaho. 
Mr. Udy’s process for the recovery 
of cobalt by  electrodeposition, 
which was patented, is substantially 
the same process now being used in 
the Belgian Congo. While working 
with Mr. Haynes, he developed a 
process for cadmium plating. The 
patents covering this process formed 
the basis of the Udylite Process Co., 
Detroit, Mich. 

From November 1919 to Novem- 
ber 1920, he was mine manager of 
the Haynes Stellite Co.’s cobalt mine 
at Leesburgh, Idaho. 

Following the merger of the 
Haynes Stellite Co. into the Union 
Carbide Co., he returned to Niagara 
Falls as a research and development 
engineer for the Electrometallurgical 
Co. There he worked with Dr. F. M. 
Becket and Mr. J. H. Critchett until 
July 1931. On account of his experi- 
ence in cadmium plating, he turned 
his attention to the plating of chro- 
mium. In this field, he was very suc- 
cesssful and the processes and 
techniques developed were of wide 
commercial interest. During this 
period, much of his time was used 
in applying the techniques to the 
wide variety of commercial uses. 

The extension of research in this 
part of chromium chemistry was in- 
terrupted by the depression of 1930. 
In 1931, he decided to pursue elec- 
tric furnace research on calcium 
carbide, alumina abrasive, and 
phosphorus, and went to the re- 
search department of Swann Chem- 
ical Co., Anniston, Ala. There he 
was among the first to use sintered 
burden in the production of phos- 
phorus. There, also, he studied the 
effect of phosphorus on _ steel 
through Battelle Memorial Institute. 

His interest in chromium contin- 
ued. The use of chromium in steel 
was coming and he developed an 
exothermic mixture of chromium 
oxides and metallic silicon which 
would develop the heat required 
for the reduction of the chromium 
and alloying with the steel when the 
briquetted mixture was added to 
the steel bath. 

After completing his work at the 
Swann Chemical Co. in 1934, he re- 
turned to Niagara Falls as a 
research and development engineer 
for Oldbury Electrochemical Co. 
Here he continued his studies of 
electric furnace production of phos- 
phorus. He supervised the operation 
of the first three-phase furnace at 
the Niagara Falls plant and did 
work for the parent company, 
Albright and Wilson, in England, 
and the Electric Reduction Co., 
Buckingham, Quebec. 
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Preliminary work on_ selective 
reduction of low-grade chrome ores 
was completed in 1937 and, as the 
need for larger furnaces became 
apparent, the studies were trans- 
ferred to the plant of the General 
Abrasive Co., Niagara Falls, N. Y., 
where a 500-kva furnace was built. 

The need for still more power was 
soon apparent. With the financial 
sponsorship of Mr. Leo H. Timmins 
and associates of Montreal, a plant 
was established at Sault Ste. Marie, 
Ontario. Work here resulted in the 
development of a complete line of 
electrothermic alloys and metals 
won from low-grade ores. During 
the war, this plant grew to the uti- 
lization of some 23,000 kw. One 
other development for Chromium 
Mining and Smelting Corp. was the 
development of a new process for 
treatment of nickel ores which pre- 
viously had proved uneconomical. 

The name of Marvin J. Udy was 
now well known in the electromet- 
allurgical industry and many calls 
were made on him as consultant. 
Among those he served, in addition 
to Chromium Mining and Smelting 
Corp., were New Jersey Zinc Co., 
Quebec Iron and Titanium Co., 
Vanadium Corp., Fabrica Nacional 
De Carburo Y Metallurgie at Santi- 
ago, Chile, Bradley Mining Co., 
Carborundum Co., Midwest Car- 
bide, Pittsburgh Lectromelt Furnace 
Co., Eldorado Mining and Refining 
Co., Pacific Carbide and Alloys Co., 
Ebasco Engineering Service Co., 
Tennessee Products, American 
Chrome Co., Mallinckrodt Chemical 
Co., Keokuk Electrometals’§ Co., 
Battelle Memorial Institute, The 
Bonneville Power Authority, U. S. 
Bureau of Mines, and many others. 

In 1952, a partnership was formed 
with Mr. R. O. Denman, president 
of Denman Enterprises, Hamilton, 
Ontario, for continued development 
of the processing of manganese ore. 
The fundamental concept of selec- 
tive reduction was applied to sulfide 
ores of zinc, copper, and lead for 
recovery of the metal values plus 
sulfur and iron oxide. A new type 
electric furnace was _ developed, 
vielding 100% calcium carbide from 
the CaO present in the limestone. 
New furnaces and operating tech- 
niques were developed for the pro- 
duction of high-temperature pro- 
ducts such as ferrotungsten and 
carbides of tungsten, aluminum, 
zirconium, and titanium. 

In September 1955, Denman En- 
terprises sold to Strategic Materials 
Corp. all rights and processes so far 
developed. This gave opportunity 
for the development of processes for 
the treatment of high-iron bauxites 
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with the recovery of steel, alumina, 
and titanium oxide. A similar treat- 
ment of ilmenite and high-titanium 
iron ore provided a new means of 
recovering steel and 

Strategic Materials Corp. formed 
two new companies, Strategic-Udy 
Metallurgical and Chemical Pro- 
cesses, Ltd., Niagara Falls, Ontario, 
and Strategic-Udy Processes, Inc., 
Niagara Falls, N. Y. The New York 
plant is an industrial research and 
development laboratory with elec- 
tric furnace and ore. dressing 
equipment for study of process 
fundamentals. The Ontario instal- 
lation is a $2,000,000 prototype elec- 
tric furnace experimental plant 
operating on a carload basis. Such 
large-scale demonstrations of the 
commercial value of differential 
reduction concepts, as applied by 
the deceased, have given spectacu- 
lar results. An example of the com- 
mercial acceptance of his process 
applied to refractory iron ore is 
found in the April 1959 announce- 
ment of the decision of the Quebec 
South Shore Steel Corp. to build a 
$12,000,000 direct reduction plant at 
Varennes, Quebec. This plant, with 
a capacity of 100,000 tons per year 
of pig iron and semisteel, employing 
Mr. Udy’s process, is scheduled for 
operation in 1961. 

He was the author or coauthor of 
16 papers, several of which ap- 
peared in this JOURNAL, and Editor 
of Vol. I and II of the book “Chro- 
mium.” From 1919 to 1959, 76 pat- 
ents were issued in his name, and 
there are still a number of patents 
being processed. 


Book Reviews 


The Solid State for Engineers, by 
M. J. Sinnott. Published by John 
Wiley & Sons, Inc., New York 
City, 1958. 522 pages; $12.50. 


The past decade has brought with 
it a major change in one aspect of 
the teaching of engineering, the 
teaching of the properties of mate- 
rials. The student engineer will no 
longer think of a solid as a homo- 
geneous isotropic medium, but as an 
ordered collection of discrete par- 
ticles, the atoms. He will learn to 
relate mary of the traditional 
macroscopic properties of solids he 
has studied to the basic physical 
behavior of this aggregate of atoms. 
Teachers of these courses of study 
now face two major problems. The 
first of these is the question, with 
which of the myriad basic physical 
and chemical properties of solids 


TOTTI RPNAT OF 


July 1959 


ought one to be concerned? The 
second problem is, where does one 
find a textbook which the students 
can use profitably? 

Teachers and authors agree unan- 
imously that the aim of such a book 
should be to provide as deep an 
understanding of the mechanical, 
thermal, electrical, and magnetic 
properties of solids as the time and 
ability of the students will allow. 
This means that an author has the 
real problem of being nontrivial in 
his treatment and yet of being 
understood by his readers. This is 
especially difficult since this is not a 
classical subject and since most 
source materials are erudite scien- 
tific papers. It is the opinion of this 
reviewer that Professor Sinnott has 
not completely achieved the goal he 
sought, that of writing a successful 
text for such a course on a sopho- 
more or junior level. 

The book itself follows the pattern 
which has tended to become stand- 
ard. It begins with a short treatment 
of atomic physics, crystal geometry, 
atomic energy levels, bonding, and 
other background information. Then 
comes a long section of the mechan- 
ical behavior of solids, elastic and 
plastic, both from a macroscopic and 
a microscopic point of view. A short 
treatment of thermal behavior fol- 
lows. A section on electron energy 
levels in solids precedes several 
chapters on electrical and magnetic 
properties of solids. Some further 
sections on optical properties and 
surface phenomena conclude the 
book. 

The book has good features. It 
does treat all of the major topics of 
importance in solids and it is writ- 
ten in such a way that major sections 
can be omitted without serious loss 
to the remainder. This last point is 
of importance to a class which lacks 
the time or interest to cover all the 
topics. 

The book also has poor features. 
There are numerous errors and 
instances of poor expression. Errors 
of printing and nomenclature one 
can excuse (an example can be found 
in several errors in Miller indices). 
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Developments and derivations which 
have loose trains of thought are 
harder to excuse (examples occur in 
the first chapter on modern physics) . 
Errors of poor expression are also 
hard to excuse (an example is the 
short paragraph on anelasticity). 

The major fault of the book, how- 
ever, is not these things which 
could be easily corrected but one of 
basic outlook. In his preface, the 
author states that successful books 
of the type (and level) he proposes 
have not, in general, been written 
by physicists. This probably is 
true; physicists have tended to write 
texts of modern physics and usually 
have emphasized the elementary 
particles of which solids are built. 
They ordinarily have tended to 
omit the behavior of ensembles of 
elementary particles (i.e., solids) 
when these cannot be explained in 
simple terms with accuracy. Hence, 
such books have not been useful 
texts on properties of solids for 
engineers and presumably will not 
be so until physicists are successful 
in treating quantum mechanics ade- 
quately on an undergraduate level. 

Professor Sinnott adopts the op- 
posite tactic and it is precisely at 
this point that he seems to fall short 
of his goal; he often uses the results 
of involved theoretical derivations 
without going through even a plaus- 
ibility type of argument for their 
existence. (Two specific examples 
are: 1. the section on generalized 
Hooke’s law and the consequences of 
crystal symmetries, and 2. quantum 
mechanical developments in ex- 
plaining band structure. There are 
many others.) If the student or his 
teacher could easily fill in these 
gaps, this would not be too serious; 
unfortunately, many of the develop- 
ments are long or involve concepts 
frequently beyond the understand- 
ing of all but the most brilliant 
undergraduates. Professor Sinnott 
would have done better, in the opin- 
ion of this reviewer, to have made 
his aims somewhat more modest and 
to have pitched his book at a some- 
what lower level. 


Charles Wert 
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Gmelin’s Handbuch der Anorgani- 
schen Chemie: Vol. (42) Zirconium, 
448 pages, $62.64; (43) Hafnium, 23 
pages, $4.08; (3) Section 3, Oxygen, 
818 pages, $67.92; and (45) Ger- 
manium, 576 pages, $79.68; by S. 
Auflage. Published by Verlag 
Chemie, GmbH., Weinheim/Berg- 
strasse, Germany, 1958. 


The volumes on Oxygen, Zirco- 
nium, and Germanium have tables 
of contents in English paralleling 
the German table of contents, thus 
greatly simplifying the life of the 
average reader. The volume of 
Hafnium has, instead of a translated 
table of contents, translated para- 
graph titles inserted in the margins 
of the text pages. Since there are 
only 23 pages of text, this works no 
hardship. 

The volume on Oxygen covers the 
preparation and properties of ele- 
mentary oxygen and the separation 
and enrichment of isotopes, through 
1944. There are sections on electro- 
chemical properties, including di- 
electric constant, conductivities, 
electron affinities, ionization poten- 
tial, electrode potentials in aqueous 
solutions as function of pressure, 
electrode material, etc., evolution 
from melts, cell potentials, oxygen 
overpotentials, and cathode reac- 
tions. 

The volume on Zirconium covers 
the literature through 1949 with 
some references as late as 1953. ECS 
members will be most interested in 
the sections on application of zirco- 
nium and its compounds, electrolysis 
of zirconium compounds, electrical 
and electrochemical properties of 
zirconium and its compounds with 
elements 1-41 in the Gmelin Clas- 
sification. 

The volume on Hafnium supple- 
ments the earlier volume published 
in 1941 with some references as late 
as 1956. 

The volume on Germanium sup- 
plements that of 1931. The general 
literature is covered through 1953, 
and that on optical, electrical, and 
photoelectric properties through 
1954. Some references are as late as 
1956 but the 1954-1956 period is not 
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completely covered. Most of the 
material is not only new but under 
new headings in the Classification. 
For example, there is a section on 
zone melting in which the earliest 
reference is dated 1952, and a 117- 
page section on “Germanium with 
Barrier Layers” which entirely post- 
dates the earlier volume. 

The quality of the paper and the 
printing are excellent. The cost is 
more than reasonable considering 
the labor involved and the quality 
of the product. 


H. W. Salzberg 


Fundamentals of High Polymers, by 
O. A. Battista. Published by Rein- 
hold Publishing Corp., New York 
City, 1958. 140 pages; $5.50. 


This book gives the unfortunate 
impression of having been hastily 
written. According to the preface, it 
is designed as an “introductory 
textbook on high polymers at the 
undergraduate level.” It also is 
proposed to serve as “a handy 
reference to chemists, engineers, 
physicists, and biologists engaged in 
academic research....” And, fi- 
nally, the hope is expressed that it 
will be useful to management ex- 
ecutives, supervisory personnel, and 
chemists and engineers entering the 
high polymer industries. Perhaps 
the attempt to reach such a diverse 
audience accounts in part for the 
fact that the book has so little to 
offer to any one group. 

As an undergraduate text, the 
book is too casually written with too 
little attention paid to orderly 
presentation. For example, at first it 
is difficult to understand why the 
definition of a crystallite precedes 
that of a high polymer and why 
that of a derived polymer precedes 
the definition of a primary high 
polymer, and why the definition of 
polymerization appears almost at 
the end of a chapter devoted to basic 
terms and definitions. It turns out 
that the definitions are arranged 
alphabetically. A major disorgani- 
zation occurs on pages 116 and 117 
where two important summaries are 
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December 1959 Discussion Section 


A Discussion Section, covering papers published in the January-June 1959 JouRNALS, is scheduled for 
publication in the December 1959 issue. Any discussion which did not reach the Editor in time for inclusion 
in the June 1959 Discussion Section will be included in the December 1959 issue. 

Those who plan to contribute remarks for this Discussion Section should submit their comments or ques- 
tions in triplicate to the Managing Editor of the JouRNAL, 1860 Broadway, New York 23, N. Y. not later than 
September 1, 1959. All discussions will be forwarded to the author(s) for reply before being printed in the 
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presented: the first, a list of basic 
factors upon which the physical and 
mechanical properties of high poly- 
mers depend; the second, a list of 
basic physical properties that a high 
polymeric material must possess in 
order to be of practical use. Both 
these summaries appear in a section 
headed “Compatibility With Dye- 
stuffs.” 

The lack of clarity and inaccuracy 
of basic definitions is a serious short- 
coming. Teachers of the subject will 
not like reducing the terms monomer 
and mer to synonyms (page 6). 
This leads to disturbing statements 
such as “The D.P. is determined by 
dividing the molecular weight of the 
monomer into the molecular weight 
of the macromolecule” (page 4). 
Also, on page 15, “Imagine a paper 
clip to be one molecule of glucose 
minus a molecule of water (a mon- 
omer)... .” Engineers and scientists 
alike will be startled at the state- 
ment on page 118 that “anisotropy is 
a characteristic that results when 
solvent molecules penetrate be- 
tween chain molecules and push 
them apart laterally.” On page 119, 
there appears the following: “Di- 
chroism is a property of a high 
polymer that is evidenced as a re- 
sult of the absorption of polarized 
light; it depends upon the vibration 
direction of the light. This dichroic 
effect shows up, for example, after 
the polymer has been dyed. In such 
instances the dye molecules become 
oriented, and the effect is most pro- 
nounced when the molecules in the 
polymer are highly oriented.” Such 
“definitions” shake the reader. The 
above is not the definition of di- 
chroism, nor is it an explanation of 
the phenomenon, nor a description 
of it 

Other weaknesses are misplaced 
emphasis and errors of omission. 
For example, it is difficult to see 
how a casual discussion of alginic 
acid and chitin on pages 18 and 19 
contributes constructively to the 
development of the fundamentals of 
high polymer chemistry. Again, on 
page 33, it is stated that “the chemi- 
cal composition of collagen based on 
the amounts of the major elements 
present shows that it is remarkably 
similar to silk.” But nowhere is it 
stated that, despite this, the proper- 
ties of the two proteins are remark- 
ably different owing to the widely 
divergent aminoacid compositions. 
On page 64, there are listed for 
macromolecules “the properties of 
extreme fundamental importance in 
high polymer’ technology.” One 
property included is the chemical 
nature of the side groups that branch 
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out from the main chain. Not in- 
cluded is the size of these groups 
(and their shape). 

Finally, for a work entitled 
“Fundamentals of,” this book is out 
of balance. Twenty percent of the 
content is devoted to methods for 
determining molecular weight and 
size distribution, while rheological, 
electrical, thermal, and _ optical 
properties are completely omitted 
and mechanical behavior is practi- 
cally untouched. Dipole moment and 
dielectric constant are not even 
mentioned. 

To its credit, the book has the 
relative clarity of its language, a 
well-chosen set of illustrations, and 
brevity. Perhaps in subsequent edi- 
tions its present shortcomings may 
be eliminated. 


A. X. Schmidt 


Handbook of Physics. Edited by E. U. 
Condon and Hugh Odishaw. Pub- 
lished by McGraw-Hill Book Co., 
Inc., New York City, 1958. 257 
pages; $25.00. 

The value of a handbook largely 
can be gauged by the extent to 
which, and the convenience with 
which, it places at a_ scientist's 
command succinct formulations of 
certain key theorems and techniques 
particular not only to his own 
specialty but also to other specialties 
more or less closely allied to his 
own. By these or any other stand- 
ards, the “Handbook of Physics,” 
in toto, must be considered a notable 
accomplishment. In detail, of course, 
individual parts and chapters of the 
book are subject to separate evalua- 
tion. 

The Handbook is divided into 9 
parts covering, respectively, mathe- 
matics, mechanics of particles and 
rigid bodies, mechanics of deform- 
able bodies, electricity and mag- 
netism, heat and thermodynamics, 
optics, atomic physics, the solid 
state, nuclear physics. Each part, in 
turn, consists of some 8 to 13 chap- 
ters written by different contributors 
on different subjects. No less than 
88 contributors—singly or as co- 
authors—have written the 90 chap- 
ters, on as many different subjects, 
that make up the book. 

Among the contributors, Professor 
Condon is by far the most promi- 
nent, considering both the quality 
and the quantity of the material 
contributed. The chapters written 
under Professor Condon’s name 
(there are 18 of them on subjects 
ranging from kinematics to atomic 
structure) have conciseness, clarity, 
style, and often elegance. No one 
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could fail to take pleasure in the 
brevity and sophistication of the 
treatment given the basic laws of 
thermodynamics in Chapter 1 of 
Part 5 of the Handbook; nor could 
he fail to delight in the author’s 
ability to compress into 16 pages of 
print (Chapter 1, Part 4) the basic 
properties of electromagnetic fields 
and waves. 

Other authors, of course, also have 
made notable contributions. Among 
these, one might mention, for exam- 
ple, Olga Taussky (California Insti- 
tute of Technology) who has written 
chapters on mathematics, and Philip 
M. Morse (M.I.T.) whose chapter on 
“Vibrations of Elastic Bodies’ con- 
stitutes a useful summary of the 
analytical methods of investigating 
mechanically simplified deformable 
vibrating systems. 

Many of the chapters make in- 
teresting, even delightful, reading, 
although in certain instances their 
usefulness in a book intended to 
serve as a Handbook of Physics is 
perhaps open to question. Thus, one 
may wonder whether the chapter on 
geometry by A. J. Hoffman (Na- 
tional Bureau of Standards), other- 
wise an admirably terse statement 
of the analytical foundations of 
modern geometry, will be of much 
or frequent help to working physi- 
cists in solving particular problems. 
Similarly, G. M. Clemence’s chapter 
“Dynamics of the Solar System,” 
after giving some fundamental 
equations of motion for 2 or more 
point masses subject to Newtonian 
laws, goes on to provide what 
amounts to a glossary of some of the 
terms most commonly used in this 
field of endeavor. It is not immedi- 
ately apparent, however, of what 
“handbook” use this information 
may be. To an educated lay reader 
or, for that matter, to a solid state 
physicist, the contents of this chap- 
ter probably constitute good arm- 
chair reading. But it appears doubt- 
ful that any scientist actually 
seeking the solution of some prob- 
lem in celestial dynamics will find 
much here to help him on his way. 

Throughout the 1504 pages of the 
book, every effort has been made, 
usualy successfully, to provide in- 
formation that is relevant and up to 
date. It is rather regrettable that, 
due to limitations of space, many 
names and milestones of great his- 
torical and philosophical interest in 
the development of physics have 
had to be omitted. Thus, while one 
may find in the 10-page index at 
the end of the book the name of 
Bohr, he cannot find that of Ru- 
therford. Similarly, one would look 
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in vain for such names as Jeans, 
Le Maitre, de Sitter, or Hoyle. It is 
to be hoped that, perhaps through 
the device of footnotes, future edi- 
tions of this excellent work may be 
made more instructive with respect 
to some of the great turning points 
in the evolution of physical science. 
It is also to be hoped that the index 
will be considerably expanded. 
Rene Bussierl 


Two New Volumes Available in ECS 
Series 


The Electrochemical Society is 
pleased to announce the availability 
of the following two new volumes in 
The Electrochemical Society Series: 

Semiconductor Abstracts, 1956 Is- 
sue, Volume IV, Abstracts of Litera- 
ture on Semiconducting and Lumi- 
nescent Materials and Their Appli- 
cations, edited by E. Paskell. Price: 
$12.00. (A review of the 1956 Issue 
appears on page 131C of the May 
JOURNAL.) 

Also available is The Structure of 
Electrolytic Solutions, edited by Wal- 
ter J. Hamer; based on a symposium 
held in Washington, D. C., in May 
1957, sponsored by The Electrochem- 
ical Society, New York, and The Na- 
tional Science Foundation, Washing- 
ton, D. C. Price: $18.50. The subjects 
covered include a wide range of 
topics relating to the properties of 
electrolytic solutions, and represent 
the significant items under investi- 
gation in the present age. 

Both volumes are available from 
the publisher, John Wiley & Sons, 
Inc., 440 Fourth Ave., New York 16, 
N. Y. A 33 1/3% discount is offered 
to Electrochemical Society members 
only and can be obtained by order- 
ing through Society Headquarters, 
1860 Broadway, New York 23, N. Y. 


Announcements 
from Publishers 


“Technisch-Wissenschaftliche Ab- 
handlungen der Osram-Gesell- 
schaft.” Edited by Wilfried Meyer. 
Published by Springer-Verlag, 
Heidelberger Platz 3, West Berlin, 
1958. 408 pages; price DM 42.50. 
This is Vol. 7 of the Technical- 
Scientific Reports of the Osram Co. 
(in German). The articles are brief 
and of a high order of scientific 
competence. ECS members may be 
interested in articles such as those 
on a new type of xenonlamp, the 
mechanism of arching at a metal 
cathode in high-pressure discharge, 
measurement of anode potentials in 
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low-pressure discharge, oxide cath- 
odes in low-pressure discharge, elec- 
trical conductivity of oxide cath- 
odes, conductivity of barium cerate, 
foreign ions in ionic crystals, tran- 
sition of electrons in the glow dis- 
charge of sulfide phosphors, the 
short-lived afterglow of phosphors 
stimulated by square wave pulses, 
influence of crystal structure on 
luminescence of calcium silicates, 
influence of bismuth on luminescence 
of _manganese-activated cadmium 
chlorophosphates, detection of im- 
purities in wolfram rods and wires 
by means of residual resistance 
measurements, etc. Each article is 
provided with a bibliography, run- 
ning through 1957. 


“The Physical Chemistry of Steel- 
making.” Edited by John F. Elliott. 
Published by John Wiley & Sons, 
Inc., New York City, 1958. 257 
pages; $15.00. 

These papers are the formal pre- 
sentations (and some of the com- 
ments) of the 1956 conference. ECS 
members probably will be most in- 
terested in the papers on activity of 
carbon in liquid iron-carbon solu- 
tion, activity of carbon in molten 
Fe-C alloys at high carbon content, 
the carbon oxygen equilibria in 
liquid iron, determination of oxygen 
and nitrogen in metals by fusion in 
vacuum, electrical measurements on 
oxides and solid cells at tempera- 
tures of 1200° to 1800°C, electro- 
chemical nature of sulfur transfer 
in the system carbon-saturated iron- 
slag, segregation in steel castings, 
and others of similar nature. 


“The Journal of Chemical and Engi- 
neering Data,” new quarterly 
publication of the American 
Chemical Society. Editor is Will 
H. Shearon, Jr., of Washington, 
D. C., who also edits “Industrial 
and Engineering Chemistry.” 
The January 1959 edition of the 

magazine carries complete papers, 

charts, tables, and other technical 
information of value in chemical 
research and development work. 

The journal is designed to collect 

under one cover the fundamental 

chemical information that would 
otherwise appear scattered through 
the society’s monthly “Industrial 
and Engineering Chemistry,” accord- 
ing to Dr. Walter J. Murphy of 
Washington, D.C., editorial director 
of the society’s applied journals. For 
the past three years, this has been 
done by means of separately bound 
supplements to “Industrial and Engi- 
neering Chemistry,” published as 
the need arose. The new publica- 

tion presents the information in a 

form more serviceable to readers. 
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“Soviet Research in Glass and Cer- 
amics—1956.” Published by Con- 
sultants Bureau, Inc., 227 W. 17 
St., New York City, 1958. Com- 
plete collection, $40.00. 

Complete English translations of 
63 papers covering Soviet research 
in glass and ceramics have now 
been published in convenient col- 
lection form by the Consultants 
Bureau (C. B.). The collection, papers 
originally published in 1956 issues 
of Soviet chemical journals, consists 
of three sections: Basic Science 
(38 papers), $30.00; Glass, Glazes, 
and Enamels (10 papers), $10.00; 
and Cements, Limes, and Plasters, 
Refractories, Miscellaneous (15 pap- 
ers), $15.00. 

The Soviet chemical journals 
from which the translated papers 
have been taken are: “J. Gen. 
Chem.,” “J. Applied Chem.,” “J. 
Analytical Chem.,” and “Bull. Acad. 
Sci. USSR. Div. Chem. Sci.” Pertin- 
ent papers from all 1956 issues of 
the C.B. translations of these journ- 
als were selected by Dr. W. G. Law- 
rence, who also compiled the first 
C.B. collection on “Soviet Research 
in Glass and Ceramics—1959-55.” 
The latter collection, comprising 146 
papers, is still available from the 
publisher at $150.00. All diagram- 
matic, tabular, and photographic 
material integral with the text is in- 
cluded in both collections. 

Tables of contents listing the 63 
papers are available without charge 
from the publisher, as are the tables 
of contents to the first collection. 


“1958 Book of ASTM Standards.” 
Published by American Society for 
Testing Materials, 1916 Race St., 
Philadelphia 3, Pa. 

Each part of the ten-part book is 
complete with a detailed subject 
index and a list of standards in 
numerical sequence. Supplements 
will be issued to each part late in 
1959 and 1960. Of particular interest 
to ECS members are the following. 

Part 1. Ferrous Metals Specifica- 
tions (Except Test Methods), 1560 
pages, 290 standards, Jan. 1959. 
$12.00: Steel (both carbon and al- 
loy); structural and rivet; boiler and 
pressure vessel steel plates; con- 
crete reinforcement; commercial 
bar; hot and cold finished bars; 
welding electrodes, rods; bearing 
steel; sheet and strip; rails and 
track accessories; springs and spring 
wire; billets, forgings, blooms, axles; 
wheels and tires; castings; chain; 
bearings; bolting, pipe fittings; pipe 
and tubing; zinc- and lead-coated 
steel articles; wrought iron; cast 
iron; malleable iron; ferroalloys; 
and metal powder products. 
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laboratory studies. 


Features 


® A smooth, positive me- 
chanical drive system 
with continuously varia- 
ble up, down and rota- 
tional speeds, al? inde- 
pendently controlled. 

® An arrangement to rap- 
idly center the process 
ber within a straight 
walled quartz tube sup- 
ported between gas- 
tight, water-cooled end 
plates. Placement of the 
quartz tube is rather 
simple and adapters can 
be used to accomodate 
larger diameter tubes 
for larger process bars. 

Continuous water cool- 
ing for the outside of 
the quartz tube during 
operation. 

Assembly and dis-as- 

| semby of this system in- 

cluding removal of the 

| completed process bar is 

simple and rapid. 


epel 


HIGH FREQUENCY 


INDUCTION 


HEATING 


FLOATING ZONE FIXTURE FOR METAL REFINING 
AND CRYSTAL GROWING 


A new floating zone fixture for the production of 
ultra-high purity metals and semi-conductor materials. 
Purification or crystal growing is achieved by travers- 
ing @ narrow molten zone along the length of the 
process bor while it is being supported vertically in 
vacuum or inert gas. Designed primarily for pro duction 
purposes, Model HCP also provides great flexibility for 


Model HCP 


Electronic Tube Generators from 1 kw to ae kw... 
Spork Gop Converters ; 


LEPEL men: FREQUENCY LABORATORIES, INC. 


55th STREET ond 37th AVENUE, WOODSIDE 77, NEW YORK CITY. N Y 
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Part 2. Non-Ferrous Metals Speci- 
fications (Except Test Methods), 
Electronic Materials, 1386 pages, 251 
standards, Oct. 1958, $10.00: Alum- 
inum and aluminum-base alloys; 
aluminum wire, rods, and standard 
conductors for electrical purposes; 
magnesium and magnesium alloys; 
zine and zinc alloys; copper; copper 
and copper alloy wire and conduc- 
tors; copper and copper alloy cast- 
ings; copper alloy wire rods, bars, 
shapes; copper alloy pipe and tubes; 
copper and copper alloy plate, sheet, 
strip; die castings; lead and lead 
alloys; nickel and nickel alloys; 
lead- and tin-base alloys; titanium; 
solder and bearing metal; zinc; de- 
oxidizers; electrical-heating and re- 
sistance alloys; metal powder pro- 
ducts; electrical contact materials; 
electrodeposited coatings; materials 
for electron tubes, electronic devices, 
and lamps. 

Part 3. Methods of Test for Metals 
(Excluding Chemical Analysis), 980 
pages, 119 standards, Dec. 1958, $10.- 
00: Metallography; tension; compres- 
sion; bending; hardness; impact; 
magnetic particle testing; harden- 
ability; grain size; creep; radio- 
graphic standards; linear expan- 
sion; inclusion content; heat treat- 
ment; thermal analysis; corrosion; 
weight thickness and uniformity of 
coatings; verification of testing ma- 
chines; electrical and magnetic pro- 
perties of metals; density; particle 
size; sampling; ultrasonic testing. 

Part 9. Plastics, Electrical Insula- 
tion, Rubber, Carbon Black, 1680 
pages, 290 standards, Dec. 1958, 
$14.00: Electrical insulating materi- 
als, varnishes, tubing, tapes, sheet, 
rods, oils, askarels, porcelain, paper, 
mica, matting, asbestos yarns and 
roving; molded materials; laminated 
thermosetting materials; vulcanized 
fiber sheets; enclosures and servicing 
units; plastics, allyls, phenolics, 
ureas, vinyls, cellulose, melamines, 
foams; rubber products, carbon 
black, fire hose, belting, gloves, mat- 
ting, tape, wire and cable, rubber- 
coated fabrics, cements, sponge 
rubber, hard rubber, brake hose, 
blankets, foam, automotive, syn- 
thetic elastomers. 


“Growth and Perfection of Crystals,” 
proceedings of the International 
Conference on Crystal Growth 
held in Cooperstown, N. Y., Aug- 
ust 1958. Edited by R. H. Doremus, 
B. W. Roberts, and David Turn- 
bull. Published by John Wiley & 
Sons, Inc., New York City, 1958. 
609 pages; $12.50. 

The editors have divided the 
voluminous material into six main 
sections, each containing a _ series 
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of related lectures. The introductory 
lecture by F. C. Frank is followed 
by: Growth of Whiskers; Properties 
of Whiskers and Crystal Imperfec- 
tions; Growth of Crystals of the 
Solvent Phase; Growth of Crystals 
of the Solute Phase; and Crystalli- 
zation of Polymers. The papers in- 
vestigate organic, inorganic, and 
polymeric substances from the stand- 
point of crystal perfection, the for- 
mation and structure of whiskers, the 
presence of dislocations, and the 
mechanism of crystal growth from 
the melt, solution, and vapor. Fur- 
ther reports emphasize the import- 
ant differences and similarities be- 
tween polymer and ordinary crystal- 
lization. 


News Items 


J. E. Hawkins Recipient of ACS 
Florida Section Award 


Dr. J. E. Hawkins, professor of 
chemistry and director of Naval 
Stores Research at the University of 
Florida, recently received the 1959 
Florida Section Award of the Amer- 
ican Chemical Society at the sec- 
tion’s annual scientific conference in 
St. Petersburg. 

The award is conferred annually 
for outstanding contributions to 
chemistry by a chemist or chemical 
engineer of the Southern States. 

Professor Hawkins, winner of the 
Florida Award, has carried out im- 
portant research on terpenes—chem- 
icals derived from trees and plants 
and used in the manufacture of per- 
fumes, medicines, and camphor. He 
has written numerous scientific 
papers describing his studies. 

The award winner was born at 
Media, Pa., in 1899. He received the 
B.A. degree in 1919, the B.S. in 
1922, the M.S. in 1925, and the Ph.D. 
in 1927, all from the University of 
Pennsylvania. He was an assistant 
in chemistry at Pennsylvania in 
1921-1922 and an instructor from 
1922 to 1932. After a year as plant 
manager and chief chemist of the 
P. J. Ritter Co., Bridgetown, N. J., 
he resumed his teaching career at 
the University of Tampa as head of 
the Chemistry Dept. He joined the 
University of Florida faculty in 1935 
as acting head of the Chemical 
Engineering Dept, becoming assis- 
tant professor of chemistry and 
associate director of Naval Stores 
Research a year later. He was 
named professor in 1945 and director 
of Naval Stores Research in 1946. 

A member of the American Chem- 
ical Society since 1928, Professor 
Hawkins is a past Chairman of the 
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ACS Florida Section. He also is a 
member of the American Institute 
of Chemists, the American Associa- 
tion for the Advancement of Science, 
the American Association of Uni- 
versity Professors, The Electrochem- 
ical Society, the Florida Academy of 
Sciences, Alpha Chi Sigma, Gamma 
Sigma Epsilon, and Sigma Xi. 


lon Exchange Conference, 1959 

A conference on Ion Exchange 
will be held at the Mountain View 
Hotel, Gatlinburg, Tenn., Septem- 
ber 7-11, 1959, under the sponsor- 
ship of the Oak Ridge National Lab. 
The conference will be similar to 
the Gordon Research Conferences 
on Ion Exchange with sessions in 
the mornings and evenings, the 
afternoons being free for informal 
discussion or recreation. Facilities 
for hiking, fishing, and horseback 
riding in the Smoky Mountain Na- 
tional Park are excellent. 


Program 

Sept. 7—New Ion Exchange Mate- 
rials. Discussion Leader, Dr. R. A. 
Mock, Dow Chemical Co., Mid- 
land, Mich. 

Sept. 7—Ion Exchange in Nonaque- 
ous Solvents. Discussion Leader, 
Dr. R. M. Wheaton, Dow Chemi- 
cal Co., Midland, Mich. 

Sept. 8—Equilibria and Kinetics 
(2 sessions). Discussion Leader, 
Dr. G. E. Boyd, Oak Ridge Na- 
tional Lab., Oak Ridge, Tenn. 

Sept. 9—Ion Exchange in Nuclear 
Reactor Engineering. Discussion 
Leader, Dr. S. C. Furman, Valle- 
citos Atomic Lab., General Elec- 
tric Co., Pleasanton, Calif. 

Sept. 9—Pharmaceutical Applica- 
tions. Discussion Leader, Dr. 
James Gillin, Merck & Co., Inc., 
Rahway, N. J. 

Sept. 10—Electrochemistry of Ion 
Exchange Materials (2 sessions). 
Discussion Leader, Professor 
George Scatchard, Massachusetts 
Institute of Technology, Cam- 
bridge 39, Mass. 

Sept. 11—Radioactive Waste Dis- 
posal. Discussion Leader, Dr. T. 
Tamura, Oak Ridge National Lab., 
Oak Ridge, Tenn. 

A registration fee of $40.00 is 
charged to all participants except 
academic personnel who may apply 
for a reduction to $10.00 Participants, 
except those who live in the vicinity, 
are expected to live in the Mountain 
View Hotel and to pay for room 
and board for the five-day period, 
$60.00. These fees are roughly the 
same as at Gordon Conferences. 
Wives of participants are welcome, 
but children under 12 years cannot 
be accommodated. 
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The number of participants will 
be limited to about 100. Interested 
persons are invited to apply for 
admission or for further information 
to the Vice-Chairman, Wm. Rieman, 
III, Ralph G. Wright Lab., Rutgers, 
The State University, New Bruns- 
wick, N. J. 


Fifth Conference on Magnetism 
and Magnetic Materials 


The Fifth Conference on Mag- 
netism and Magnetic Materials will 
be held in Detroit, Mich., November 
16-19, 1959, at the Sheraton-Cadillac 
Hotel. This conference is sponsored 
by the American Institute of Elec- 
trical Engineers in cooperation with 
the Office of Naval Research, the 
Metallurgical Society of the AIME, 
the American Physical Society, and 
the Institute of Radio Engineers. 

Abstracts should be received by 
J. E. Goldman, Scientific Lab., Ford 


" Motor Co., P.O. Box 2053, Dearborn, 


Mich., by August 25. Instructions to 
authors, as well as further confer- 
ence details, can be obtained from 
D. M. Grimes, Dept. of Electrical 
Engineering, University of Michigan, 
Ann Arbor, Mich. 


1959 Electron Devices Meeting 

The fifth annual Electron Devices 
Meeting, sponsored by the Profes- 
sional Group on Electron Devices 
(PGED) of the Institute of Radio 
Engineers, will be held October 29 
and 30, 1959 at the Shoreham Hotel, 
Washington, D. C., it has been an- 
nounced by W. J. Pietenpol of Syl- 
vania Electric Products Inc., Chair- 
man of the General Committee for 
the conference. 

Mr. Pietenpol said abstracts of 
technical papers proposed for the 
conference should be submitted by 
July 31 to the technical program 
chairman, J. A. Hornbeck, Bell Tele- 
phone Labs., Inc., Murray Hill, N. J. 
Subject matter of the proposed 
papers should concern develop- 
mental techniques and devices, such 
as electron tubes and semiconduc- 
tors, rather than basic research or 
circuit applications. 

The PGED is an association of 
members of the Institute of Radio 
Engineers with professional interest 
in the research, development, design, 
and application of electron tubes 
and solid state devices, as well as 
in scientific, technical, industrial, 
and other activities that contribute 
to the field. The Group encourages 
close cooperation and exchange of 
technical information among its 
members to advance the state of 
valve-type electron components. 

In addition to Dr. Pietenpol and 
Dr. Hornbeck, members of the Gen- 
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eral Committee for the October 
meeting include: Vice-Chairman, Dr. 
W. R. Sittner, Sperry Rand Corp.; 
Publications Chairman, Dr. E. L. 
Steele, Hughes Aircraft Co.; Local 
Arrangements Chairman, Dr. R. T. 


Young, Jr. Diamond Ordnance 
Fuze Labs.; Publicity Chairman, 
J. J. Lanigan, Sylvania Electric 


Products Inc. 

Nearly 1200 members attended the 
1958 Electron Devices Meeting, 
which was held at the Shoreham 
Hotel on October 30 and 31. The 
agenda included 64 papers ranging 
over the entire field of electron 
devices. 


Standard Samples for 
Gases-in-Metals 
Eight bars of ferrous materials, 
whose oxygen and nitrogen content 
has been precisely determined, 
comprise a new type of standard 
sample now available from the Na- 
tional Bureau of Standards. In 
providing these reference materials 
for the calibration of commercial 
apparatus used to measure the gas 
content of metals, the Bureau has 
inaugurated a program of standard 
samples for gases-in-metals cover- 


ing a variety of metallurgical 
products. 
The new reference materials are 


certified only for the elements oxy- 
gen and nitrogen. However, the 
percentages of the other elements 
are given as a guide to the type of 
iron or steel. The standards are 
available from the Standard Sample 
Clerk, National Bureau of Standards, 
Washington 25, D. C. The fee is 
$10.00 per sample. A certificate of 
analyses accompanying the mate- 
lists the laboratories which 
have cooperated in this effort and 
the various methods that have been 
utilized to determine the gas con- 
tent in metals. 


rials 


References 
1. “Cooperative Study of Methods 
for the Determination of Oxygen 
in Steel,” by J. G. Thompson, H. 
C. Vacher, and H. A. Bright, J. 
Research Nat. Bur. Standards, 18, 
259 (1937), RP976; Trans. Am. Inst. 
Mining, Met., Petrol. Engrs., Iron 
and Steel Division, 125, 216 (1937). 
2. Over 600 standard samples of 
chemicals, ores, ceramics, metals, 
and other substances are available 
from the National Bureau of 
Standards. Information is con- 
tained in Standard Materials, NBS 
Circular 552 (3rd ed.), which can 
be obtained by writing to the 
Superintendent of Documents, 
U.S. Government Printing Office, 
Washington 25, D. C. (35 cents). 
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Union Carbide to Double 
Polyethylene Production 
in United Kingdom 


Plans for doubling Union Car- 
bide’s polyethylene production ca- 
pacity in the United Kingdom were 
announced recently by Union Car- 
bide Corp. Existing facilities at 
Grangemouth, Scotland, which are 
operated by Union Carbide Ltd., will 
be augmented by another 30,000,000 
pound per year production unit. The 
new unit is expected to be in pro- 
duction in 1960. Union Carbide Ltd., 
as well as Bakelite Ltd. which mar- 
kets Union Carbide polyethylene in 
the United Kingdom, are both affili- 
ates of Union Carbide Corp. 

This latest expansion represents 
the sixth major investment by Union 
Carbide in the European petrochemi- 
cals field. In addition to the initial 
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polyethylene plant at Grangemouth, 
Union Carbide Ltd. is constructing 
an ethylene oxide and derivatives 
plant at Fawley, England, which is 
expected to be in operation in the 
last quarter of this year. 


General Electric Establishes 
New DC Advanced Engineering 
Center 


New designs in equipment and 
components for the conversion of 
electric power by static means will 
be explored by the General Electric 
Co. in a new Direct Current Ad- 
vanced Engineering Center estab- 
lished in Philadelphia, Pa. 

Research and development work 
in the new center is expected to re- 
sult in some of the most significant 
achievements in the field of electric 
power conversion in a decade. The 
stress will be on development of sili- 


WHATEVER FORM OR SIZE YOU NEED 


there are “Plus-4’° (Phosphorized Copper) Anodes 
to help you cut the costs of acid-copper 
electroplating—at the 
same price as ETP copper anodes 


“Plus-4” Anodes in commercial use in 
practically all types of acid-copper 
electroplating have proved their ad- 
vantages over wrought or cast electro- 
lytic tough pitch copper anodes. The 
four advantages indicated by the name 
are: 

+ 1 No anode sludge (no “bagging” 

or diaphragms required). 

+ 2 No copper build-up in the solution. 
+ 3 Smooth, heavy cathode deposits. 

| 4 Up to 15% more cathode deposit. 


THE REASON for the elimination of sludge 
formation is that an anode of phosphor- 
ized copper develops an adherent dark 
brown film during electrolysis, which 
prevents the formation of free copper 
particles, but which in no way inter- 
feres with the plating operation or in- 
creases the electrical resistance of the 
bath. The phosphorized copper anode 
also corrodes more evenly, depositing 
more copper per pound on the cathode; 
gives a smooth, heavy deposit free from 
roughness due to lodgment of copper 


ANACONDA 


“PLUS-4” ANODES Phosphorized Copper 


MADE BY THE AMERICAN BRASS COMPANY 


TOURNAT. OF THE FIRCTROCHEMICAI, SOCIETY 


sludge particles, and leaves a small, 
compact “fish.” There is no copper 
sludge or build-up of copper sulfate 
in the electrolyte. 


WRITE FOR INFORMATION on how you can 
obtain a test quantity to supply one 
tank. Address: The American Brass 
Company, Waterbury 20, Conn. In 
Canada: Anaconda American Brass 
Ltd., New Toronto, Ont. 59105 


FORGED BALL ANODES 


Anaconda ETP Copper Ball Anodes, used 
widely in cyanide plating, are cold 
forged from wrought metal. The result is 
a homogeneous, fine-grain structure, free 
from voids. Consequently they corrode 
very uniformly without disintegration. 
The balls are 2” diameter and weigh 
1% pounds each. Identify them by the 
spearhead trademark. 
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con semiconductor and mercury-arc 
power equipment for the electro- 
chemical, steel, and aluminum indus- 
tries where a real need exists for 
more efficient and reliable d-c power 
conversion. 

The new DC Advanced Engineer- 
ing Center contains several labora- 
tories and _ supporting facilities 
grouped for three phases of opera- 
tion: 1.developing rectifier or con- 
verting equipment, 2. designing d-c 
equipment and equipment circuits, 
and 3. developing of d-c circuit pro- 
tection and interruption devices. 


Bell Labs. to Build Research Center 
at Holmdel 


F. R. Kappel, president of the 
American Telephone and Telegraph 
Co., announced recently that a $20,- 
000,000 modern laboratory will be 
built by Bell Telephone Laboratories 
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at Holmdel, N. J., to meet the ex- 
panding need for research and de- 
velopment to advance communica- 
tions. 

Bell Labs. is the research and de- 
velopment organization for the Bell 
Telephone System, and employs 
nearly 11,000 people at 18 locations 
in 10 states to do its work. The bulk 
of the Bell Labs. employees are in 
York City, and in New Jersey at 
Murray Hill and Whippany. 

The construction of the new build- 
ing will be on a 430-acre site owned 
by Bell Labs. at Holmdel since 1929. 
Buildings at present on the property 
provide working space for about 150 
scientists, engineers, and staff study- 
ing high-frequency radio and elec- 
tronics. 

The present Holmdel laboratory 
has been the site of many historic 
communications developments, over 
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the past three decades, in radio tele- 
phony and ultra short wave propa- 
gation. 

The Board of Directors of Bell 
Labs. has approved the first phase of 
a program for the Holmdel construc- 
tion, adopting a design by architect 
Eero Saarinen, whose work has won 
world-wide acclaim. 

The design of the laboratory at 
Holmdel was created to meet the 
needs of the people who will be em- 
ployed there and the kind of work 
they will do. The interior is func- 
tional in nature. The building was 
designed from the inside outward, 
aiming toward utility, economy, and 
attractiveness. 

In arriving at his design, Mr. 
Saarinen had the advice and counsel 
of Bell Labs. technical people. The 
design features over-all economy in 
first cost and maintenance, due to 
compact design with effective utiliza- 
tion of interior space for offices and 
laboratories. It provides complete 
flexibility for interchangeable use of 
space for either laboratory or office 
purposes. Laboratory services can be 
easily rearranged without disruption 
of other laboratories. Freedom from 
disturbances is provided for em- 
ployees in work locations, with ease 
of movement around and between 
working areas. General services such 
as restaurant, library, etc., are cen- 
tralized so as to minimize employee 
travel time. 

Working drawings for the initial 
construction will require about six 
months more for completion, with 
final bids from construction firms re- 
quiring six additional weeks. Oc- 
cupancy of the first portion of the 
building is expected in late 1961. 

Bell System research and develop- 
ment at the Beli Telephone Labs. 
will be considerably strengthened, 
with the new laboratory in Holmdel, 
in meeting its responsibilities for de- 
velopment and design of technical 
facilities for the most flexible and 
economic communications services. 


Union Carbide Metals Announces 
New Titanium Alloy Discovery 

A discovery that greatly broadens 
the range of conditions under which 
titanium may be used to combat 
highly corrosive environments in the 
processing industries has been an- 
nounced by Union Carbide Metals 
Co., Div. of Union Carbide Corp. Dr. 
Milton Stern of the Metals Research 
Labs. of the company has disclosed 
that the addition of as little as 0.1% 
palladium to titanium makes a new 
alloy which is resistant to some boil- 
ing solutions of reducing acids (such 
as hydrochloric acid). Prior to this 
discovery, titanium was well known 
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PHYSICAL 
CHEMISTS 


NEEDED IN THE FAST GROWING 


SEMICONDUCTOR 
INDUSTRY 


@ Men with MS or PhD degrees desired, to be members 
of the technical staff in R & D at Fairchild Semiconductor 
Corporation. 


e Fairchild is the fastest growing firm in a rapidly 
changing industry. Firm's success to date is attributable 
to a research-minded top management, all members 
having exceptional professional backgrounds. 


e Company will pay relocation costs to Palo Alto, Cali- 
fornia (near San Francisco)—one of the most desirable 
areas in the west. 


IMMEDIATE OPENINGS 


1. Surface Chemist, MS or PhD level 

To conduct basic studies of surface phenomena to improve qual- 
ity and stability of semiconductor devices—to improve present 
techniques of surface cleaning and coating—also to seek new 
and better surface treatments. For development of personal stat- 
ure, publication of basic studies will be encouraged. 


2. Electrochemist, MS or PhD level 

To conduct basic research in the electrochemistry of semicon- 
ductors and related materials—to perform and supervise proj- 
ects concerned with electrochemical and chemical etching of 
materials, developing control and selectivity—to develop elec- 
troplating and other plating with good process control. Publica- 
tion of basic studies will be encouraged. 


Please send detailed resume including salary requirements. Palo 


Alto interviews for qualified applicants will be arranged from any- 
where in the U. S. 


AIRGHILD 


SEMICONDUCTOR CORPORATION 
a 


844 CHARLESTON ROAD - PALO ALTO, CALIFORNIA + DAvenport 6-6695 


for its ability to resist corrosion in 
extreme oxidizing environments (for 
example, boiling nitric acid); the 
metal now has greatly broadened 
applicability as a constructional 
material. Even before this discovery, 
titanium was already being fabri- 
cated into pumps, valves, and other 
equipment for the chemical industry. 

In reducing environments such as 
hydrochloric and sulfuric acids, ti- 
tanium has been under a severe 
handicap. For example, in a boiling 
5% solution of hydrochloric acid, 
titanium dissolves at the rate of more 
than 1 in. per year. Dr. Stern’s dis- 
covery was that the addition of a 
small amount of some noble metals 
—0.1% palladium, for instance—de- 
creases the rate of corrosive attack 
to less than 0.01 in. per year. A cor- 
rosion rate of less than 0.01 in. per 
year is usually satisfactory. 

This remarkable improvement of 
titanium performance under the 
stress of reducing acid environment 
can also be achieved by small addi- 
tions of most of the other noble 
metals, platinum, rhenium, rutheni- 
um, iridium, osmium, and rhodium. 

In developing the new alloy, Dr. 
Stern advanced an electrochemical 
theory for the role of noble metal 
additions on corrosion passivity 
which was applied in the invention. 
A noble metal is essentially insoluble 
in the corrosive environment and has 
a high exchange current for the hy- 
drogen ion reduction process. When 
added to a metal such as titanium, a 
noble metal appears at the surface 
of the alloy to create a bielectrode or 
galvanic couple and serve as a site 
with a low hydrogen overvoltage. 
This results in passivity and a 
marked decrease in the rate of cor- 
rosion. The effect is all the more 
striking when it is realized that it is 
produced by only 1 atom of pal- 
ladium for every 2000 atoms in the 
alloy. 


Zirconium Association Formed 

A group of companies that pro- 
duce, melt, and process zirconium 
have formed the Zirconium Associa- 
tion. With the increased importance 
of and interest in the use of this 
metal, it was recognized that an as- 
sociation could accomplish a great 
deal in expanding the uses of zir- 
conium and also establish a focal 
point from which greater and more 
close cooperation could be developed 
between industry and governmental 
agencies, particularly the Atomic 
Energy Commission. 

The Association office is located at 
2130 Keith Bldg., Cleveland 15, Ohio, 
and its executive director is Mr. W. 
B. Thomas of Thomas Associates, 
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Inc. The members of the Association 
are: Calumet & Hecla, Inc., Wolver- 
ine Tube Div.; Carborundum Metals 
Co., Div. of The Carborundum Co.; 
Carpenter Steel Co.; Columbia-Na- 
tional Corp.; Copperweld Steel Co., 
Superior Steel Div.; Damascus Tube 
Co.; Firth Sterling, Inc.; Harvey 
Aluminum Co., Inc.; Jessop Steel 
Co.; Mallory-Sharon Metals Corp.; 
National Lead Co., Titanium Alloy 
Manufacturing Div.; Oregon Metal- 
lurgical Corp.; Superior Tube Co.; 
Tube Reducing Corp.; Universal- 
Cyclops Steel Corp.; Wah Chang 
Corp., Zirconium Div. 

If you have any questions in re- 
gard to zirconium, we urge you to 
write to any of the above or to the 
Zirconium Association, 2130 Keith 
Bldg., Cleveland 15, Ohio. 


Mallory-Sharon Forms Sponsored 
Research Group 


Mallory-Sharon Metals’ Corp., 
Niles, Ohio, has formed a Sponsored 
Research Group to carry out re- 
search and development projects on 
special metals for the government. 
This group will be a part of Mallory- 
Sharon Metal’s R&D Group. 

Dr. Dillon Evers has been named 
manager of the new department. 
L. G. McCoy is staff administrator. 

The primary aim of the group will 
be to carry out special research proj- 
ects for the government, and to cor- 
relate company research and devel- 
opment activities with Dept. of De- 
fense interests. In particular, the 
group will seek contracts for prod- 
uct development of the metals tanta- 
lum, columbium, tungsten, molyb- 
denum, beryllium. 

One of the first functions of the 
new group will be to construct and 
test a cold crucible furnace, which 
will eliminate contamination prob- 
lems created by conventional cru- 
cible materials. 

Dr. Evers joined Mallory-Sharon 
in 1956 and, until his present ap- 
pointment, was staff technical ad- 
visor to the company’s research and 
development department. He re- 
ceived his doctorate in metallurgy 
from the University of Iowa, and is 
a member of the American Institute 
of Mining and Metallurgical Engi- 
neers, The American Society for 
Metals, and The Electrochemical 
Society. 


Dow Corning to Produce World's 
Purest Silicon 


The Dow Corning Corp. announced 
today that it has completed licensing 
arrangements with the Westinghouse 
Electric Corp. to produce and sell the 
world’s purest silicon, a material 
used in the manufacture of semicon- 
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ductor devices. This marks the first 
diversification from the manufacture 
of silicones in the 16-year history of 
the company, according to Dr. W. R. 
Collings, president of Dow Corning. 

Dr. Collings said his company had 
secured patent rights and technolog- 
ical information on the Siemens- 
Westinghouse process which makes 
it possible to make ultrapure silicon. 
Though Dow Corning has been mak- 
ing silicon as a first step in the 
manufacture of silicones, Dr. Col- 
lings said impurities in the ultra- 
pure silicon must be less than one 
part in six billion. He quoted Donald 
W. Gunther, manager of the West- 
inghouse Semiconductor department 
as follows: “The process originated 
with inventions and developments 
by the Siemens & Halske and 
Siemens-Schuckert Companies in 
Germany, and from supplemental 
contributions by scientists and en- 
gineers at the Westinghouse Re- 
search Laboratories and the West- 
inghouse Semiconductor department. 
Ultrapure silicon is a basic material 
used in making transistors, rectifiers, 
and other semiconductor, or solid- 
state devices. They have many ap- 
plications formerly requiring elec- 
tronic tubes or elaborate control 
systems.” 

A Dow Corning team headed by 
R. W. Caldwell, Dow Corning gen- 
eral plant manager, is now in Ger- 
many working with the Siemens 
people. Further plans will be an- 
nounced later. 


Mallory-Sharon and Bridgeport 
Brass Announce Link 


Mallory-Sharon Metals Corp., a 
leading producer in the special 
metals field, has made an agreement 
with Bridgeport Brass Co., whereby 
the metallurgical know-how, fabri- 
cating facilities, and commercial 
organization, as well as management 
resources, of Bridgeport will be 
made available to the company. 

Mallory-Sharon is now owned 
one third each by P. R. Mallory and 
Co. Inc., Sharon Steel Corp., and Na- 
tional Distillers & Chemical Corp. In 
exchange for benefits to be derived 
from the new association, Bridgeport 
Brass Co. has been given an option 
to purchase an interest in Mallory- 
Sharon which, when _ exercised, 
would give it an equal interest in 
the company with the other stock- 
holders. 


ECS Volumes Available 
A group of the TRANSACTIONS of 
The Electrochemical Society from 
1923 to 1944, Vol. 43-85, is available 
for purchase. Anyone interested in 
obtaining these volumes should con- 


Expanding the Frontiers 
of Space Technology in 


ELECTRO- 
CHEMISTRY 


@ Solid state activities in 
electrochemistry at Lockheed 
play a highly important role 
in overcoming challenging 
problems in test, materials 
research, metallurgy and 
other related fields. 

Special emphasis is directed 
to the development of high- 
energy batteries and fuel 
cells, and related fuel research 
in electrode reaction kinetics 
and materials synthesis by 
electrochemical methods and 
vacuum deposition. In the 
solution of complex electro- 
chemical problems, Lock- 
heed’s scientists and engineers 
develop products that will 
serve both government and 
commercial use. 


ENGINEERS AND 
SCIENTISTS 


The advanced nature of 
Lockheed’s projects in elec- 
trochemistry provides an ex- 
cellent opportunity for high 
level scientists and engineers 
to advance their professional 
status and offer an ideal 
environment for working 
conditions. If you are experi- 
enced in electrochemistry or 
work related to the above 
areas, you are invited to share 
in the future of a company 
that has a history of contin- 
ual progress and play an im- 
portant individual role in the 
development of the nation’s 
space technology. Write: 
Research and Development 
Staff, Dept. G-26, 962 W. El 
Camino Real, Sunnyvale, 
California. U.S. citizenship 
required. 


Lockheed 


MISSILES AND SPACE 
DIVISION 


Weapons Systems Manager for the 
Navy POLARIS FBM; 
DISCOVERER SATELLITE; 
Army KINGFISHER; 
Air Force Q-5 and X-7 


SUNNYVALE, PALO ALTO, VAN NUYS, 
SANTA CRUZ, SANTA MARIA, CALIFORNIA 
CAPE CANAVERAL, FLORIDA 
ALAMOGORDO, NEW MEXICO © HAWAII 
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tact Mr. Thomas F. Moormann, 
14327 Bramell Ave., Detroit 23, 
Mich. 


New Products 


Silicon Solar Cell Batteries 

High-efficiency silicon solar bat- 
tery modules are now available to 
provide the same power output, 
watt for watt, as dry cell and 
mercury cell batteries. Manufactured 
by International Rectifier Corp., El 
Segundo, Calif., these modules are 
designed for powering transistorized 
equipment during daylight opera- 
tion, as well as for charging storage 
batteries for continuous day and 
night operation. Applications in- 
clude power supplies for transis- 
torized radios (including such makes 
as Motorola, RCA, Admiral, anc 
similar units), telemetering and con- 
trol circuitry, and numerous com- 
munication equipment uses. 

The output voltage of the solar 
module is 1.75 v at 30°C cell 
temperature, and 1.5 v d.c. at 65°C 
(typical operating temperature in 
direct sunlight). Direct replacement 
may be achieved by substituting one 
SM5-1020B module for each 1.5-v 
dry cell battery, and using as many 
parallel strings as required to supply 
the necessary load current. Each 
module will supply a load current 
of approximately 35 ma in direct 
sunlight. 

In applications calling for charg- 
ing storage batteries for continuous 
day and night operation, typical re- 
chargeable storage batteries used are 
the sealed nickel-cadmium units 
The use of a combination of solar 
batteries and storage cells provides 
continuous power without the need 
for replacement. 

Modules are assemblies of series 
and parallel connected silicon solar 
Each module contains five 
series-connected 1 cm x 2 cm solar 
cells embedded in an epoxy mold 
that provides a rugged, shock-re- 
sistant, weatherproof housing. For 
more detailed information on these 
modules, request Bulletin SR-276. 


cells. 


Spotting-out Preventive 

A tarnish and corrosion inhibitor 
for copper and brass which mini- 
mizes spotting-out of copper and 
brass plate has been introduced by 
Enthone, Inc., of New Haven, Conn., 
subsidiary of American Smelting 
and Refining Co. Called Entek CU- 
55, the new product reacts with cop- 
per and copper alloys to form an 
invisible coating which prevents 
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staining, green salt formation, finger 
marking, pit corrosion, and spotting- 


out under high-humidity storage 
conditions. 
Literature on Entek CU-55 is 


available from the manufacturer. 


Phosphinoborines 

A new type of molecule which 
may lead to the development of 
heat-stable plastics has been syn- 
thesized by chemists of American 
Potash & Chemical Corp., it was 
announced on April 8 at company 
headquarters in Los Angeles. 


July 1959 


Announcement of the discovery 
was made by Joseph C. Schumacher, 
vice-president of research, who 
termed the present results “a 
significant advance” in the search 
for plastics capable of enduring 
operating temperatures far higher 
than the limits imposed by the best 
materials available today. 

Most plastics today are stable 
only to approximately 300°F. The 
current project, it is hoped, will 
develop plastics that can withstand 
temperatures up to 400°C or, 
roughly, 750°F. 


You have every reason to think of 
yourself as a man of the future, es- 
pecially in the light of today's fast- 
moving developments in_ electronics 
and thermoelectrics. 

But what about your personal fu- 
ture? Will it bring you enough of the 
good life to justify the efforts you are 
now putting forth? 

Often an engineer with talent and 
potential finds himself in a situation 
that stymies his individual merit and 
initiative 

Perhaps your position is one of this 
kind or perhaps you are working 
under other circumstances where a 
change would be desirable. If you 
wish to share more directly in the fu- 
ture offered by this exciting field, it 
is quite likely that you need Ohio 
Semiconductors a young, growing 
company as much as Ohio Semi- 
conductors needs you 

We call our company “young” be- 
cause it is young in personnel and 
ideas as well as in the period of its 
corporate existence. Its financial and 
organizational roots are strong, how- 
ever, and the rate of growth has 
amazed all who are familiar with the 
company’s history. 

A little over three years ago, O.S.I. 
was a small group of scientists and in- 
vestors with some capital and an idea. 
In the past two years, the company 
has outgrown its original headquar- 
ters and is now housed in two new 
locations, one for development activi- 
ties and the other for the production 
of materials 


We are truly pioneers in the devel- 
opment and manufacture of compound 
semiconductors for infrared, thermo- 
electric and electronic applications. 
Among our many accomplishments is 


ARE YOU A 
SEMICONDUCTOR MAN? 


If you are, perhaps we can talk business. 


OHIO SEMICONDUCTORS, INC. 


1035 W. Third Avenue « Columbus 8, Ohio e AXminster 4-4938 


the Halltron, a device using the Hall 
Effect, and the Magnetoresistor and 
Magnetic Circuit packages utilizing 
the Hall Effect and Magnetoresistance. 


Our TA-11 “Thermo-Cell” is the 
first thermoelectric junction of its kind 
on the market. Featuring crystalline 
thermoelectric materials of unusually 
high figure of merit, it is a versatile 
new device for themoelectric heating, 
cooling and power generation. 


Ohio Semiconductors, in its short 
history, already has a reputation for 
producing indium arsenide and idium 
antimonide compounds of the utmost 
purity, and orders for our basic mate- 
rials and devices are coming in from 
all over the world. 


Yes, the demand for O.S.I. products 
is growing, and we need help. Speci- 
fically, our need is for experienced 
process and development engineers. 
We have a few openings also for per- 
sons who wish to enter the semicon- 
ductor field. If you like working 
where individuality counts, we urge 
you to apply now for a position. We 
ask that you have at least two years 
applicable experience and a degree in 
Physics, P. Chem., E. E., Metallurgy 
or the equivalent. 


In addition to many company bene- 
fits, including a tuition plan, we offer 
you the finest in living and working 
conditions in a _ pleasant suburban 
community, near country and city 
areas alike, with proximity to Ohio 
State University. 


Contact us now! You might land a 
ground-floor situation that could lead 
to a better future than you dreamed 
possible. Write, stating qualifications, 
salary requirements and other per- 
tinent data. 
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Coincidental with the announce- 
ment at Los Angeles, a report on 
the subject was presented at Boston 
at the national meeting of the 
American Chemical Society by Dr. 
Ross I. Wagner and Frederick F. 
Caserio, Jr. Wagner is project leader 
and Caserio a member of the team 
that made the discovery. 

The new compounds are based on 
boron and phosphorus and are 
known chemically as phosphino- 
borines. Most existing plastics are 
composed of carbon compounds, 
while a few are based on silicon- 
and-oxygen combinations. 

Technically, the newly synthe- 
sized molecule is a “linear chain of 
repeating, tetracoordinate phosphin- 
oborine units” with a high mole- 
cular weight of about 12,500. 

At present, the scientists have 
developed two basic types of phos- 
phinoborine materials. One is a 
translucent, milky-white compound 
that is heat resistant but is brittle. 
The other has an appearance much 
like existing plastics but does not 
possess heat-stable characteristics. 
Further research is necessary to 
combine the desirable properties, 
plasticity and heat stability, into a 
commercially suitable product. 

The new materials are the result 
of four years’ research by American 
Potash & Chemical Corp. in coopera- 
tion with the Air Force’s Air Mate- 
rials Lab. at Wright Air Develop- 
ment Center, Dayton, Ohio. 

Dr. A. M. Lovelace is in charge 
of the program for the Air Force, 
which is supporting a broad pro- 
gram of research and development 
aimed at providing new high-per- 
formance materials required in 
modern supersonic and advanced air 
weapons. Lt. C. K. Chiklis is the 
project engineer on this program. 

In making this announcement, Mr. 
Schumacher stressed that additional 


CURRENT AFFAIRS 


research is necessary before a 
satisfactory material that is both 
plastic and heat stable can be ob- 
tained. “While materials of im- 
mediate practical utility are not yet 
available from these boron-phos- 
phorus compounds,” he said, “the 
results which have been achieved 
by Wagner and his co-workers are 
a significant advance in the urgent 
search for materials capable of 
enduring high operating tempera- 
tures.” 

Dr. Wagner’s work stemmed from 
discoveries at the University of 
Southern California by Professor 
Anton Burg who has been conduct- 
ing basic research on inorganic poly- 
mer (plastic) systems for many 
years in conjunction with Ameri- 
ean Potash & Chemical Corp. re- 
search laboratories and the Air 
Force, as well as with the Office of 
Naval Research. 
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Employment Situations 


Positions Available 

Engineers (Aeronautical, Electri- 
cal, Electronic, Industrial, General, 
Mechanical, and Power Plant), 
Electronic Scientists, Metallurgists, 
Physicists, Technologists — Vacan- 
cies exist for professional person- 
nel in the above positions. Starting 
salaries range from $4490 per an- 
num to $10,130 per annum. The 
Naval Air Material Center is cur- 
rently engaged in an _ extensive 
program of aeronautical research, 
development, experimentation, and 
test operations for the advancement 
of Naval aviation. Experimental 
work is also being conducted in the 
guided missile field. Personnel are 
needed for work on projects involv- 
ing modification, overhauling, and 
testing of aeronautical equipment, 
materials, accessories, power plants, 
launching and arresting devices, 
and for modification and structural 
testing of aircraft. Also, for work 
involving the basic design of cata- 
pults, launchers, arresting gear and 
their component parts; test and de- 
velopment work at shore stations 
and on board U. S. Navy ships; 
evaluation of new equipment and 
establishment of performance para- 
meters, and applied research on the 
many problems relevant to this 
field. 

Interested persons should file an 
Application for Federal Employ- 
ment, Standard Form 57, with the 
Industrial Relations Dept., Naval 
Air Material Center, Naval Base, 
Philadelphia 12, Pa. Applications 
may be obtained from the above ad- 
dress, or information as to where 
they are available may be obtained 
from any first or second class post 
office. 


munications section. 


Broadway, New York 23, N.Y. 


Brief Communications 


The JOURNAL invites short technical reports of timely or current interest for publication in the Brief Com- 


Rules (subject to change from time to time) are as follows: 


Material will be limited to 600 words, with a figure or short table counting as 100. words. The report may 
summarize high lights of material to be published in the future; may present new facts which warrant cur- 
rent distribution but otherwise could not appear for a long time; may cover bits of research which the author 
cannot pursue but which may be of use to others; etc. 

Letters of discussion or of polemical nature will be specifically excluded. 

Brief Communications will be reviewed by one or two members of the Editorial Board, but every effort 
will be made to send them, if accepted, to the printer at the next monthly deadline after receipt. 

Please submit in triplicate, typewritten, double-spaced, to the Managing Editor of the Journal, 1860 
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Patron Members 
Aluminum Co. of Canada, Ltd., 
Montreal, Que., Canada 
International Nickel Co., Inc., 
New York, N. Y. 
Olin Mathieson Chemical Corp., 
Niagara Falls, N. Y. 
Industrial Chemicals Div., Research 
and Development Dept. 
Union Carbide Corp. 
Divisions: 
Union Carbide Metals Co., 
New York, N. Y. 
National Carbon Co., New York, N. Y. 
Westinghouse Electric Corp., Pittsburgh, Pa. 


Sustaining Members 
Air Reduction Co., Inc., 
New York, N. Y. 
Ajax Electro Metallurgical Corp., 
Philadelphia, Pa. 
Allen-Bradley Co., Milwaukee, Wis. 
Allied Chemical & Dye Corp. 
General Chemical Div., Morristown, N. J. 
Solvay Process Div., Syracuse, N. Y. 
(3 memberships) 
Allied Research Products, Inc., 
Detroit, Mich. 
Alloy Steel Products Co., Inc., Linden, N. J. 
Aluminum Co. of America, 
New Kensington, Pa. 
American Machine & Foundry Co., 
Raleigh, N.C. 
American Metal Climax, Inc., 
New York, N. Y. 
American Potash & Chemical Corp., 
Los Angeles, Calif. (2 memberships) 
American Zinc Co. of Illinois, 
East St. Louis, II. 
American Zinc, Lead & Smelting Co., 
St. Louis, Mo. 
American Zine Oxide Co., Columbus, Ohio 
M. Ames Chemical Works, Inc., 
Glens Falls, N. Y. 
Auto City Plating Company Foundation, 
Detroit, Mich. 
Basic Inc., Maple Grove, Ohio 
Bell Telephone Laboratories, Inc., 
New York, N. Y. (2 memberships) 
Bethlehem Steel Co., Bethlehem, Pa. 
(2 memberships) 
Boeing Airplane Co., Seattle, Wash. 
Burgess Battery Co., Freeport, III. 
(4 memberships) 


The Electrochemical Society 


C & D Batteries, Inc., Conshohocken, Pa. 
Canadian Industries Ltd., Montreal, Que., 
Canada 
Carborundum Co., Niagara Falls, N. Y. 
Catalyst Research Corp., Baltimore, Md. 
Chrysler Corp., Detroit, Mich. 
Ciba Pharmaceutical Products, Inc., Summit, 
N. J. 
Columbian Carbon Co., New York, N. Y. 
Columbia-Southern Chemical Corp., 
Pittsburgh, Pa. 
Consolidated Mining & Smelting Co. of 
Canada, Ltd., Trail, B. C., Canada 
(2 memberships) 
Continental Can Co., Inc., Chicago, III. 
Cooper Metallurgical Associates, Cleveland, 
Ohio 
Corning Glass Works, Corning, N. Y. 
Crane Co., Chicago, 
Diamond Alkali Co., Painesville, Ohio 
(2 memberships) 
Dow Chemical Co., Midland, Mich. 
Wilbur B. Driver Co., Newark, N. J. 
(2 memberships) 
E. I. du Pont de Nemours & Co., Inc., 
Wilmington, Del. 
Eagle-Picher Co., Chemical Div., Joplin, Mo. 
Eastman Kodak Co., Rochester, N. Y. 
Electric Auto-Lite Co., Toledo, Ohio 
Electric Storage Battery Co., 
Philadelphia, Pa. 
Englehard Industries, Inc., Newark, N. J. 
(2 memberships) 
The Eppley Laboratory, Inc., Newport, R. I. 
(2 memberships) 
Erie Resistor Corp., Erie, Pa. 
Fairchild Semiconductor Corp., Palo Alto, 
Calif. 
Federal Telecommunication Laboratories, 
Nutley, N. J. 
Food Machinery & Chemical Corp. 
Becco Chemical Div., Buffalo, N. Y. 
Westvaco Chlor-Alkali Div., South 
Charleston, W. Va. 
Ford Motor Co., Dearborn, Mich. 
General Electric Co., Schenectady, N. Y. 
Chemistry & Chemical Engineering 
Component, General Engineering 
Laboratory 
Chemistry Research Dept. 
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General Electric Co. (cont'd) 
General Physics Research Dept. 
Metallurgy & Ceramics Research Dept. 
General Motors Corp. 
Brown-Lipe-Chapin Div., Syracuse, N. Y. 
(2 memberships) 
Guide Lamp Div., Anderson, Ind. 


Research Laboratories Div., Detroit, Mich. 


General Transistor Corp., Jamaica, N. Y. 
Gillette Safety Razor Co., Boston, Mass. 
Gould-National Batteries, Inc., Depew, N. Y. 
Grace Electronic Chemicals, Inc., 

Baltimore, Md. 
Great Lakes Carbon Corp., New York, N. Y. 
Hanson-Van Winkle-Munning Co., 

Matawan, N. J. (3 memberships) 
Harshaw Chemical Co., Cleveland, Ohio 

(2 memberships) 
Hercules Powder Co., Wilmington, Del. 
Hill Cross Co., Inc., New York, N. Y. 
Hoffman Electronics Corp., Evanston, IIl. 
Hooker Chemical Corp., Niagara 

Falls, N. Y. (3 memberships) 
Houdaille Industries, Inc., Detroit, Mich. 
Hughes Aircraft Co., Culver City, Calif. 
International Business Machines Corp., 

Poughkeepsie, N. Y. 
International Minerals & Chemical 

Corp., Chicago, Ill. 
Jones & Laughlin Steel Corp., 

Pittsburgh, Pa. 
K. W. Battery Co., Skokie, III. 
Kaiser Aluminum & Chemical Corp. 

Chemical Research Dept., 

Permanente, Calif. 
Div. of Metallurgical Research, 
Spokane, Wash. 

Kennecott Copper Corp., New York, N. Y. 
Keokuk Electro-Metals Co., Keokuk, Iowa 
Libbey-Owens-Ford Glass Co., Toledo, Ohio 
P. R. Mallory & Co., Indianapolis, Ind. 
McGean Chemical Co., Cleveland, Ohio 
Merck & Co., Inc., Rahway, N. J. 
Metal & Thermit Corp., Detroit, Mich. 
Metals and Controls Corp., Attleboro, Mass. 
Minnesota Mining & Manufacturing Co., 

St. Paul, Minn. 
Monsanto Chemical Co., St. Louis, Mo. 
Motorola, Inc., Chicago, 
National Cash Register Co., Dayton, Ohio 
National Lead Co., New York, N. Y. 
National Research Corp., Cambridge, Mass. 
National Steel Corp., Weirton, W. Va. 
New York Air Brake Co., Vacuum 
Equipment Div., Camden, N. J. 
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Northern Electric Co., Montreal, Que., 
Canada 


Norton Co., Worcester, Mass. 
Olin Mathieson Chemical Corp., 
Niagara Falls, N. Y. 
High Energy Fuels Organization 
(2 memberships) 
Pennsalt Chemicals Corp., 
Philadelphia, Pa. 
Phelps Dodge Refining Corp., Maspeth, N. Y. 
Philco Corp., Philadelphia, Pa. 
Philips Laboratories, Inc., Irvington-on- 
Hudson, N. Y. 
Pittsburgh Metallurgical Co., Inc., 
Niagara Falls, N. Y. 
Poor & Co., Promat Div., Waukegan, IIl. 
Potash Co. of America, 
Carlsbad, N. Mex. 
Radio Corp. of America, Harrison, N. J. 
Ray-O-Vac Co., Madison, Wis. 
Raytheon Manufacturing Co., 
Waltham, Mass. 
Reynolds Metals Co., Richmond, Va. 
(2 memberships) 
Schering Corporation, Bloomfield, N. J. 


Shawinigan Chemicals Ltd., Montreal, Que., 
Canada 
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International Graphite & Electrode 
Div., St. Marys, Pa. (2 memberships) 
Sprague Electric Co., North Adams, Mass. 
Stackpole Carbon Co., St. Marys, Pa. 
Stauffer Chemical Co., New York, N. Y. 
Sumner Chemical Co., Div. of 
Miles Laboratories, Inc., Elkhart, Ind. 
Sylvania Electric Products Inc., Bayside, 
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Tennessee Products & Chemical Corp., 
Nashville, Tenn. 
Texas Instruments, Inc., Dallas, Texas 
Titanium Metals Corp. of America, 
Henderson, Nev. 
Udylite Corp., Detroit, Mich. 
(4 memberships) 
Universal-Cyclops Steel Corp., 
Bridgeville, Pa. 
Upjohn Co., Kalamazoo, Mich. 
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Western Electric Co., Inc., Chicago, II]. 
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Wyandotte, Mich. 
Yardney Electric Corp., New York, N. Y. 
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Problem: To remove two coats of specially 
formulated non-yellowing white baked 
synthetic enamel, printing, and clear baked 


enamel top-coat from these Weston Scale plates, 


The many factors that affect paint stripping — 
type of paint, condition of the metal surface. 
presence or absence of conversion coatings. 
method of paint application. baking cycle 

make every stripping job unique in itself, In 
most cases, only laboratory tests on your parts 


or test panels, and proper evaluation of all the 


ANOTHER PRODUCT OF 


RESEARCH 


Enthone Stripper Q-561 (specifically developed 
for Weston Instrument Division of Daystrom, Inc.) 
breaks the bond between the coatings and 

the brass or nickel plated brass basis metal. 


factors involved, can produce the most eco- 
nomical and efficient stripper for your appli- 
cation. Only Enthonics can do this custom 
research and development job in depth. Write 
for brochure describing our paint stripping 
laboratory service. Enthone, Incorporated, 442 


Elm Street, New Haven, Connecticut. 


ENTHONE 


4 Subsidiary of American Smelting and Refining Company 
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